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THE ACCURACY OF VOLUNTARY MOVEMENT. 
INTRODUCTION. 


In all sorts of psychology, save one, there is of late an in- 
creasing interest in the motor side of consciousness. Physio- 
logical and abnormal psychology are busy studying the involun- 
tary and automatic movements that are connected with conscious 
or subconscious processes. Explanatory psychology is making 
use more and more of factors connected with muscular ten- 
sion or with reactions to stimuli. Even abstract concepts are 
now interpreted, by some of the best students of logic, as types 
of reaction to classes of stimuli. In short, the evident fact that 
man is not merely perceptive and intellectual, but distinctly ac- 
tive or reactive, is being pushed to a position in our study more 
worthy of its fundamental importance. ‘Those also who are 
trying to apply the results of psychology to educational problems 
are—the best of them—emphasizing this same fact, and insist- 
ing in accordance therewith that the child shail be educated not 
in learning or thinking alone, but in well-directed and vigorous 
action. ‘The same impetus is seen in the introduction of manual 
training and other practical activities into the schools. 

In view of all this interest, it is somewhat surprising that the 
subject of movement has received so little attention from one of 
the great departments of psychological research. We have as 
yet no psychophysics of the voluntary movements. By this I 
mean that we have no large mass of detailed study into the 
normal relations of voluntary movement to consciousness. 

We have nothing in this line that can compare with the 
immense amount of work done on the relation of perception to 
the stimulus perceived; or, to widen our view, we have nothing 
in the general subject of voluntary movement that can compare 
in completeness with the work done and still doing in all depart- 
ments of sensation. 
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R. S. WOODWORTH. 


It is further noticeable that when the topic of voluntary 
movement is treated, it is nearly always from the point of view 
of the perception of movement. It is not the movement as pro- 
duced, but as perceived, that has been the object of study. 
Much has been written on the sensations or perception or 
memory of movement, but scarcely anything on the production 
of movement. 

The observation may here suggest itself that this neglect of 
the mere production of movement is quite fitting in psychology, 
inasmuch as movement enters into consciousness only as per- 
ceived. ‘The objection is however not well taken. Movement 
enters consciousness not only as perceived, but as intended. 
And the relation of the movement executed to the movement in- 
tended is just as important in the study of conscious life as is 
the relation of the perception to the stimulus perceived. It is 
quite true that the anatomical and physiological details of the 
process by which a muscular movement is carried out have no 
direct bearing on the consciousness that is concerned with the 
movement. But it is no less true, on the side of sensation, that 
the anatomy and physiology of the sense organs have nothing 
directly to do with the consciousness of sensation. Conscious- 
ness knows no more of the physiological process by which its 
sensations reach it than of that by which its intentions are exe- 
cuted. Particular interest attaches to the details of the incom- 
ing process, because they condition the details of consciousness. 
Yet, on the other side, the details of the outgoing process are 
conditioned by consciousness; and consciousness, like other 
things, should be studied by its effects as well as by its causes. 
In short, there is no theoretical reason why the outgoing process 
should not be studied equally with the incoming, by those who 
are trying to come to an adequate conception of the conscious 
life of the human organism. We regard this conscious life as 
built up on the basis of the reflex arc. We have, so far, studied 
the afferent portion of this arc. We must advance to the study 
of the efferent portion. And especially we must endeavor to 
study the arc as a unit, to trace cause and effect from sense 
stimulus to muscular response. And we should do this not 
simply in cases of involuntary response, but in cases of 
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voluntary action. We should, namely, trace the effect upon 
voluntary actions of varied conditions of sensation. A striking 
instance of what I mean is afforded by the old observation of 
Duchenne and of Sir Charles Bell, that a patient whose mus- 
cular sense was abolished could execute voluntary movements 
like extending the hand, when his eyes were open, but either 
very imperfectly or not at all when his eyes were closed. The 
outgoing current was apparently impossible when both incoming 
currents were checked. 

The present study is concerned partly with the relations of 
incoming and outgoing currents in normal individuals. The 
question raised is not as to the possibility of any movement at 
all, but as to the relative accuracy of the movement under the 
control of different senses. A thorough and detailed study of 
this whole field would be a useful addition to psychology. At 
present the study of psychological elements is concerned almost 
wholly with sensation. We see programs of courses written in 
these terms—‘‘ Beginning with a study of sensation, the course 
proceeds to the higher mental processes—memory, reasoning, 
emotions, and finally will.” This assumes that the elementary 
study of consciousness must start exclusively from the side of 
sensation, as if the will were exclusively a ‘higher’ process. 
It ignores the fact that movements begin as early in life and as 
far down in life as any sensation. It fails to see that there is a 
development of voluntary acts from lower to higher just as truly 
as there is a development of intellectual life from sensation to 
abstract thought. And it further overlooks the close depend- 
ence of intellectual development on the elementary reactive and 
voluntary processes. We need, alongside of our elementary 
study of sensation, a study of the elements of the active side. 
And since the primary action, the primary volition, consists in 
bodily movements, that elementary study will devote itself to an 
analysis of voluntary movements as related to the consciousness 
that intended them and to the perceptions by which they are 
governed. Just as we base our conception of sensation on a 
study of sensations, and our theory of association on a study of 
associations, so we should base our conception of the will on a 
study of volitions, and primarily of voluntary movements. 
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This has, indeed, been the basis on which the best modern 
discussions of the will have been founded. They have used 
the material at hand, largely of a clinical character. And this 
is, of course, a valuable kind of material. But as in the study 
of the functions of the brain clinical and physiological materia] 
supplement and correct each other, so we may reasonably ex- 
pect that a detailed study of the elements of voluntary action 
would coéperate to a fuller understanding of the will and of the 
relation of consciousness to its acts. 

In an extended study such as is here conceived, the present 
paper aims, of course, to fill but a very modest place. Just as 
the study of sensation has consisted largely in an examination 
of the accuracy of sensations, so a study of movement will be 
largely an examination into the accuracy of movement. This 
side of the subject has hitherto received less attention than has 
the maximum of movement (dynamogenesis, fatigue experi- 
ments, etc.). Practically, however, the accuracy of move- 
ment is the more important of the two. It is the accuracy 
of a movement that makes it useful and purposive. While 
some few movements require only brute force of a comparatively 
ungoverned sort, in most cases there must be a considerable de- 
gree of control and adaptation to a particular end. The move- 
ment must have a particular direction, a definite extent or 
goal, a definite force, a definite duration, a definite relation to 
other movements, contemporaneous, preceding and following. 
Even in comparatively unskilled movements it is remarkable 
how many groups of muscles must codperate, and with what 
accuracy each must do just so much and no more. 

An Italian day-laborer breaking stones in the street or ham- 
mering on a hand drill, is not classed as a skilled laborer, and 
yet the movement of swinging the large hammer—requiring as 
it does the concerted action of muscles of all the limbs and of 
the trunk, each of which must contract in proper time and force 
—is executed with such precision that the hammer hits the drill 
every time. 

It is not difficult, by use of the theory of the probable distri- 
bution of cases about their average, a theory which undoubtedly 
holds with approximate correctness for all ways of hitting at a 
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target, and hence for all movements directed to a definite end, 
to calculate the degree of accuracy of any movement. We have 
only to determine within what limits the movement must remain 
in order to escape a ‘ miss,’ and then to count the number of 
misses in a large number of trials. It is clear that a movement 
so accurate that though often repeated it seldom misses its mark 
must, in the great majority of trials, fall far within the limits of 
amiss. If a marksman can put ninety-nine shots out of a hun- 
dred within a certain ring of a target, he can put nine out of 
ten within a ring only a half or third as large. Knowing the 
percentage of cases in which the error exceeds certain limits, we 
can determine by means of the probability curve, or by the cor- 
responding table, the value of the average error, the error of 
mean square, or any of the standards. The reliability of our 
determination would increase as the square root of the number 
of cases observed. The only difficulty with this method is that 
the number of cases counted would generally have to be large. 
In any movement which was at all well-practised and efficient 
the proportion of misses would be very small, and hence the 
number of cases counted must be large in order to get the true 
proportion of misses. But if this proportion is too small to be 
accurately determined within a reasonable time of observation, 
we can still determine an upper limit beyond which the average 
error does not lie. 

The following is an example of the use of this method of 
computing the accuracy of every-day movements. I stood for 
an hour watching four Italians pound on two hand drills. As 
the two couples kept time with each other, it was easy to count 
the blows and the misses. I counted 4000 blows in all, and in 
that number there was but a single miss. Moreover, that one was 
the first blow after a rest, and was made by a man who seemed 
less skilled and confident than his companions. So that the 
average of I in 4000 is too high rather than too low. The radii 
of the drill and of the hammerhead were each about two centi- 
meters. The deviation from the center sufficient to constitute a 
miss measured therefore 4 centimeters. If then an error of 4 
centimeters occurs in this movement once in 4000 trials, the 
average error would be, according to the probability curve, 
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6 R. S. WOODWORTH. 


about 0.9 cm. This is small in comparison with the whole 
movement, since the distance traveled by the hammerhead is at 
least a meter and a half, or over 160 times the average error. 
In other words, the error in direction—that of extent is not here 
involved—averages about one-third of a degree. Yet these 
laborers swing the hammer almost carelessly, using the eyes to 
guide them only for the last half of the blow. 

In smaller movements, such as those of writing, the absolute 
though probably not the proportionate value of the average er- 
ror is still smaller. In letters a centimeter in height I have 
found the error to average about half a millimeter, or one 
twentieth. Much more accurate and undoubtedly most ac- 
curate of all our ordinary movements, are those of the vo- 
cal organs. The adjustments of the vocal cords for pitch, 
of the breath for loudness, and of the cavity of the mouth 
for the quality of a tone, must be very fine indeed. The accu- 
racy of pitch may be roughly determined by a method similar 
to that just used in the case of hammer blows. A large share 
of us are able to strike a given tone time after time without 
appreciable discord. The error necessary to constitute a miss 
will be measured by the smallest difference in pitch that can 
be detected. This is given as 0.2 of a vibration per second; 
but that is undoubtedly too small for ordinary quick observation. 
If we multiply it by 25, and take 5 vibrations per second as the 
measure of a perceptible miss, we shall be sufficiently conserva- 
tive. Any one who can sing well enough to make a perceptible 
discord only once in 20 notes would then, according to the prob- 
ability curve, have an average error of not over 2 vibrations per 
second. In order to compare this with the errors in other move- 
ments, we need to express the 2 vibrations as a fraction of the 
extent of the whole movement. The denominator of this frac- 
tion would, of course, vary with the size of the interval jumped, 
and also with the absolute pitch. If the pitch be middle C, or 
let us say a pitch of 250 vibrations per second, and if the jump 
be an octave, then the interval, measured in vibrations, is 125 
when the jump is from the C below, and 250 when from the C 
above. And the average error of the singer, under the condi- 
tions assumed, would be +3, for the jump from the C below, 
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and 4, for the jump from the C above. In striking the next 
C higher, since the vibration rate is doubled, the same percent- 
age of misses would mean an average error of half the size, in 
proportion to the whole movement or jump. When we con- 
sider that along with this precision in pitch there must go a pre- 
cise adjustment of the current of air and of the parts of the 
mouth, and that the whole combination of movements must be 
executed with great promptness, we can hardly doubt that the 
movements employed in singing a high note are the most accu- 
rate under our control. This accuracy is largely the result of 
the extremely delicate sense—that of pitch—that furnishes its 
guide. And, indeed, when this sense is applied to the move- 
ments of the arm and fingers, the latter can by long practice 
attain an accuracy perhaps equal to that of the vocal cords. 
Evidently the same line of reasoning that has been applied to 
the movements of the cords can be applied to the movements of 
the violinist’s hand, and if the violinist is able to strike a given 
pitch, and jump a given interval, with the same accuracy and 
speed as the singer, the same fractions as were obtained above 
would represent his average error. Probably the movements of 
the violinist’s left hand are, in point of extent, the most delicately 
graded of any rapid manual movements. It is known that the 
good violinist must begin very early and grow up in art. The 
movements of the piano player need not be so accurate in extent, 
as a much greater leeway is allowed by the breadth of the keys. 
The remarkable feature of the movements of a skilled pianist is 
rather their combination of speed and accuracy with great variety 
and extreme complexity. 

Enough has been said, by way of introduction, to show that 
very great accuracy is attained in many of our voluntary move- 
ments, and to suggest also that the sources of this accuracy are 
by no means well understood. 


ParTI. LITERATURE. 


On the particular topic I have investigated, that of the accu- 
racy of voluntary movements under various conditions, there 
have been but few papers published. And most of these have 
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8 R. S. WOODWORTH. 


been concerned primarily with the accuracy with which a 
movement was perceived, rather than the accuracy with which 
it could be made. I shall, however, summarize briefly the 
results of a few investigators who have dealt with closely allied 
problems. Some are concerned with the least perceptible 
movements of different joints, some with the constant errors 
that occur when one movement is imitated in extent by another, 
some with the accuracy of the muscular sense of position, and 
some, finally, with the degree of accuracy which the muscle 
sense enables us to attain in repeating a given movement. In 
all of this work visual control of the movement was excluded. 

Goldscheider’s fundamental studies in the least perceptible 
movements of different members led to the following results: 

(1) The least perceptible movement, measured in angular 
terms, varied with the different joints, being smaller where the 
bones are longer, as in the shoulder and hip, than in the joints 
of the hand and fingers. Of the long joints, the shoulder gives 
the smallest threshold, and after it the elbow, knee, hip and 
foot, in this order. The least perceptible movements of the 
different joints are apparently proportional to the relative size 
of their habitual angular movements.’ 

(2) For any one joint, the least perceptible movement was 
the same in any direction.’ 

(3) The threshold for the perception of passive movement 
is about as small as for active. Hence no innervation feeling 
can be presumed to aid in the judgment of active movements.® 

(4) The perception of the movements is not based, then, on 
innervation feelings. Nor is it based on sensations of pressure 
from the surface, for these sensations can be shown not to aid 
but rather to disturb and blunt the sensibility to small move- 
ments.‘ Nor canthe muscle sense, in the strict meaning of that 
term, be supposed to give us information regarding these mi- 
nute Jasstve movements.° The sensation which arises in the 
muscle itself is, except in case of fatigue and pain, a dull, dif- 

| Archiv f. Anat. u. Physiol., physiol, Abth., 1889, 486, 487. 

2 Jbid., 480. 

8 Jbid., 1889, Suppl. Band, 207. 


* Jbid., 1889, 491. 
5 Jbid., 495. 
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fuse sensation, not like that of movement. Moreover, if the 
finger (say), that the muscle should move, be held fast, and the 
muscle be made to contract by means of electricity, we get no 
sensation of movement. As soon as the finger is permitted to 
move, the sensation of movement is felt. The real origin of 
the sensations which inform us regarding small movements of 
our members is to be found in the surfaces of the joints.’ 

(5) Is there a special sensation of movement, or is there 
simply a perception of the initial and final positions of the limb 
and a (guasz) inference of the movement? ‘There must be a 
special sensation of movement, for the following reasons: (a) 
by means of superficial anesthesia the sense of the position of 
a member may be destroyed without appreciable blunting of the 
sense of movement; (4) the delicacy of the sense of movement is 
closely dependent on the speed of the movement, whereas the 
sense of initial and final positions would not be concerned with 
the speed; (c) introspectively we have a sense of movement 
which is not the same as the sense of position.’ 

Hall and Hartwell,’ in studying ‘ bilateral asymmetry of 
function,’ compared movements of the two arms intended to be 
equal. When the arms were moved in opposite directions from 
a position in the medial plane, the right hand (of right-handed 
persons) made the longer movement, provided the arms were 
moved simultaneously. If the movements were successive, 
this tendency partly disappeared. 

Loeb,‘ in a series of experiments similar to these last, ob- 
tained somewhat different results. Whether the movement of 
the right hand was exaggerated or not depended not simply on 
whether the person was right-handed or not, but in addition on 
the extent to which he was accustomed to use his hands.° If a 
manual worker, he exaggerated the left hand; if not, the right. 


' Leitschr. f. klin. Med., 1889, XV., 108-111. 

* Arch. f. Anat. u. Physiol., physiol. Abth., 1889, 498 ff. 

* Mind, 1884, IX., 93-109. 

‘Pfliigers Archiv fir die ges. Physiologie, XLI., 1c7-127; XLIV., 1o1- 
114; XLVI., 1-46. 

*The results of the various authors on this question are summarized by C. 
S. Parrish (Am. Jour. Psych., VIIL., 265-267 ), who concludes that the question 
cannot yet be called settled. 
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As this constant difference remained, though in less degree, 
when one of the movements was passive, it could not be due, 
wholly at least, to the difference in the amount of effort re- 
quired to move the two arms. Moreover, this difference disap- 
pears when the movements of the two arms, instead of being 
simultaneous, are successive. ‘There is still a difference, uni- 
form in direction for any subject; but it is not in favor of the 
right or the left hand, but of the first or the second movement, 
with whichever hand made. From this fact Loeb concludes 
that the constant difference between simultaneous movements of 
the right and the left hand is not the result of different sensation- 
masses from the two arms. The judgment of the extent of 
a voluntary movement is based largely on the will impulse. 
Two simultaneous movements, being produced by the same 
will impulse, are judged to be the same. But the prime basis 
for judgments of the extent of movement is the duration of the 
movement. 

This last supposition does not accord with the fact estab- 
lished by Fullerton and Cattell, that the duration of a move- 
ment is much less accurately judged than the extent. 

When equal movements are attempted from different posi- 
tions of the arms, that movement always turns out to be the 
shorter, the muscles concerned in making which are, at the be- 
ginning of the movement, in the more contracted state. This 
signifies that the more a muscle is contracted the less effect a 
given nerve current will have on it. We always feel as equal 
any movements that we make for equal. The judgment of the 
extent of voluntary movement depends on the impulse (intention 
or innervation), and not on sensations from the moving parts. 
Since weighting one of the moving arms does not introduce a 
constant error, it follows that not the tension of a muscle but 
only its length, 7. ¢., its degree of contraction, determines what 
effect a given voluntary impulse shall have on it. 

In attempting to make two equal movements at different 
speeds we fall into a constant error, the faster movement being 
regularly too long. Close attention to a movement diminishes 
its speed and so its length. 

Delabarre’ comes to the opposite conclusion from Loeb as 

'Delabarre, Ueber Bewegungsempfindungen, Freiburg i. B., 1891. 
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to the basis for judgment of the extent of movement. He says: 
+‘ Movements are judged equal when their sensory elements are 
judged equal. These sensory elements need.not all have their 
source in the moving parts. All sensations which are added 
from other parts of the body, and which are not recognized as 
coming from these distinct sources, are mingled with the ele- 
ments from the moving member and influence the judgment.” 
Anything that tends to increase the sensory elements of a move- 
ment, without attracting the notice of consciousness to the fact 
of this increase, produces an over-estimation of that movement. 
Attention to a movement has this effect. Resistance to the 
movement, when unperceived, has the same effect. So also 
has a contracted position of the muscles at the beginning of the 
movement. The result is here, as in the other case, that the 
movement is shorter than was intended. This fact (which 
Delabarre is able to confirm, however, only in rather extreme 
cases) is interpreted by him and by Loeb in opposite ways. 
For Delabarre, the increased sensation per unit of movement is 
the cause for the shortness of the movement. The extent of the 
movement is controlled by a simultaneous judgment of the sen- 
sations arising from the movement. For Loeb, on the contrary, 
the extent of the movement is determined entirely by the original 
impulse and by the irritability of the muscle, and the judgment 
is based wholly on the impulse. A fact discovered by Fullerton 
and Cattell helps us toward a decision. They found that even 
when movements were intended to be equal the subject could 
still tell, in considerably more than the probable one-half 
of the cases, whether his error was positive or negative. These 
authors state the result definitely for the force and the time of 
movement. But it appears also in extent of movement. In 
fact, we all know that there are occasional instances in which a 
movement gets away from us, and we realize by its feeling that 
it is not what we intended. In such cases the judgment of the 
movement is evidently based not on the intention, but on sensory 
elements. 

When Delabarre applies his main principle to the case of 
successive movements it takes this form: ‘‘ A movement seems 
greater in memory than in execution.” That is, in attempting 
to reproduce a previous movement the constant error is positive. 
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Long distances were found to be reproduced with greater 
accuracy than shorter. Movements in some directions were less 
accurate than in some others and harder to judge. 

Fullerton and Cattell’ have made the first and only thor- 
ough test of Weber’s Law as applied to the perception and re- 
production of movement. Their general result is that Weber’s 
Law does not hold, even approximately. Everywhere (save in 
the ¢me of movement) the error of observation increased more 
slowly than the stimulus. The authors propound a substitute 
for Weber’s Law which has so much to commend it both in its 
closeness of agreement with the facts and in its reasonable 
theoretical implications that it should always be considered in 
tests of Weber’s Law. ‘Their proposed law is that the error of 
observation increases as the square root of the stimulus. The 
interpretation they give to this law is none of those that are 
ordinarily given to Weber’s Law. ‘They regard it as having 
neither physiological nor psychological nor psychophysical sig- 
nificance. Its significance is physical—one might almost say, 
mathematical or statistical. ‘This interpretation is based on 
the fact that what is directly measured by the ordinary psycho- 
logical methods is not a quantity of sensation, but an error of 
observation. Hence the mathematical rule for the combination 
of errors would apply here. If the act of perceiving a given 
magnitude is in any sense a combination of the acts of perceiv- 
ing its parts, then the average errors in the perception of the 
parts would be combined into a total average error; which 
would, however, be less than the sum of the component average 
errors, because the component errors would be as likely to be in 
opposite directions as in the same. In such a situation the 
theory of probability finds that the combined error should be 
equal to the square root of the sums of the squares of the com- 
ponent errors. Hence the error in the perception of a magni- 
tude containing a certain number of units would be proportional 
to the square root of the number of units. All this applies to 
the variable error, not to the constant error. 

This conception of the error of perception is easy to grasp 


‘On the Perception of Small Differences, with Special Reference to the 
Extent, Force and Time of Movement, 1892. 
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in the cases of space, time and force magnitudes ; more difficult 
perhaps in case of intensity of sound and light. It is especially 
easy in the case of movement. Suppose in attempting to draw 
a line a decimeter long I am subject to an average error of 5 
millimeters. If now I aim to draw a line 2 decimeters long, by 
drawing first one decimeter and then adding another, the aver- 
age error of my single decimeter would evidently come in twice. 
But inasmuch as the errors may be either positive or negative, 
and if combined by mere chance may act either with or counter 
to each other, the average error of the double line would not be 
as great as 10 millimeters. Theory and experiment (see the 
authors’ paper, p. 97) agree that it would be equal to the error 
of a single decimeter multiplied by the square root of two. If 
a line three decimeters long be drawn in the same way, the 
average error of the whole would be that of a single decimeter 
multiplied by the square root of three. Andsoon. Now the 
hypothesis of the authors is that even when the two-decimeter 
line is drawn continuously, without sharply marking off the 
separate units, the errors of the single units are combined in the 
same way, subject, however, to a possible variation from the 
strict rule, as the result of the continuity. This same concep- 
tion can be applied with equal readiness to any experiment in 
which a given stimulus is reproduced. And it is about as easy 
to apply to the visual perception of length. In the perception 
of intensities it seems less easy, since the stimulus is not here 
perceived as a sum of units, or as a compound at all. If, how- 
ever, it shall turn out that the judgment of intensity is largely a 
matter of muscular adjustment, then the conception of the 
authors will be there too of easy application. 

So much for the theory of the proposed law. As a matter 
of observation, it accords fairly closely, and much more closely 
than Weber’s law, with the facts obtained by the authors in the 
judgment of extent, force and time of movement. The authors 
do not find their law followed with entire strictness, and argue 
that entire strictness should not be expected. The physical or 
statistical law of the combination of errors would be modified in 
application to any special sense by peculiarities arising from the 
physiology and psychology of that sense. 
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In regard to the constant error in the reproduction of a given 
length of movement, the authors find, as a result of a far larger 
mass of material than either Loeb or Delabarre apparently had 
available when they formulated different rules, that while small 
distances are regularly exaggerated, large distances (700 mm.) 
are regularly made too small. The perception of the extent of 
a movement was found to be more accurate than that of its 
force, and this in turn than that of its duration. 

One more result obtained by Fullerton and Cattell is of im- 
portance in the present study. They were able to analyze the 
variable error in reproducing a movement into an error of per- 
ception and an error of mere movement. Part of the total er- 
ror is attributed to inaccuracy of perception, and the remainder 
to the failure of the movement to obey our intention. In case 
this failure is at all marked we are able to detect it. The sub- 
jects were therefore required after making each movement to | 
judge, or at least hazard a guess, whether it was too long or 
too short. The results given for force and for duration of 
movements show that the percentage of right guesses is too 
large to be attributed to mere chance, but that the error of 
perception is considerably larger than the error of movement. 
As was remarked above, the possibility of detecting differences 
between the movement intended and the movement actually 
executed shows that the judgment of the movement is not 
based, as Loeb maintained, wholly on the intention. 

Bowditch and Southard’ determined the accuracy with which 
a point could be hit, with eyes shut, when it had first been lo- 
cated by the eye or by touch. The result was that the average 
error when the point was originally located by the eye was 
11.4 mm., while when located by the touch and muscle sense it 
wasIg.2mm. ‘‘It would thus seem (p. 235) that the knowledge 
of position in space obtained through the sense of sight is 
nearly twice as accurate as that obtained through the sense of 
touch.” The authors also studied the effect of varying the 
interval elapsing between the location and the re-finding of the 
point. Up to two seconds the accuracy increases; above that, 
decreases. The curve so obtained they call the ‘ curve of for- 
getfulness.’ 

‘A Comparison of Sight and Touch; Journal of Physiology, II., 232-245. 
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Miinsterberg, among his very suggestive studies of move- 
ment, has given us some which touch on the general topic of the 
present paper. In the Geddchtnisstudien' he takes up a prob- 
lem similar to that of the paper just quoted, viz., the effect of 
the lapse of time on the memory for extent of arm movements. 
His result is that the accuracy of memory increased from an in- 
terval of 2 seconds up to an interval of 10 seconds, and beyond 
that decreased. In his preliminary report on Lust und Unlust? 
he studies the accuracy of reproduction of an arm movement, 
as affected by different emotional conditions. The normal ex- 
tents of movement were learned by heart, and imitated during 
these conditions. The results were that languor produced a 
negative constant error, while bodily vivacity produced a positive 
constant error. Seriousness gave a negative constant error; 
gaiety a positive, probably because of unusually strong or weak 
innervation of the antagonistic muscles. Pleasure gave a posi- 
tive constant error for extension of the arm, and a negative con- 
stant error for flexion ; whereas unpleasant emotions gave exag- 
gerated flexions and too small extensions. ‘The bearing of these 
observations on the theory of the emotions does not concern us 
here. But it is important to note that the emotions can be 
sources of inaccuracy in our-movement. In view of the inti- 
mate relation between emotion and bodily movements, and spe- 
cially in view of the correlations suggested by Miinsterberg, it is 
not improbable that many of the unaccountable variations in 
accuracy which often appear are the result of fleeting emotions. 
Nothing probably will introduce so much inaccuracy into a series 
of movements (and I speak from my own observations as well) 
as a sudden strong emotion. 

W. L. Bryan’ studied the growth of children (6-16 years) 
in the power of rapid and of accurate movement. The growth 
was found to be much more pronounced in rapidity than in 
accuracy. Improvement in the latter was visible principally 
from six to eight years of age. The maximum rapidity, more- 


 Miinsterberg, Beitrige zur experimentellen Psychologie, 1892, IV., 81-88. 

? [bid., pp. 218 ff. 

*On the Development of Voluntary Motor Ability ; Amer. Jour. of Psych., 
1892, V., 123-204. 
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over, though differing much for different joints, and in different 
individuals, was for the same joint of the same individual re- 
markably constant. The accuracy of movement was subject to 
much wider variations. The right (preferred) hand was gen- 
erally, but not always, superior to the left in both speed and ac- 


curacy. 
The movements used by Bryan in the study of accuracy were 


of two sorts. The first consisted in drawing a straight line 
from one point to another 30 mm. distant; the second in the in- 
sertion of a stylus into a small hole, starting from a point 6-10 
mm. from the hole. In each experiment the apparatus was so 
arranged that any error exceeding a certain small value would 
betray itself by making an electric contact and producing a 
click of a telegraphic sounder. In criticism of these as methods 
for studying the accuracy of movement, it may be observed (1) 
that the movements studied were exclusively very small, and (2) 
that the speed of the movement was not controlled nor recorded. 
As we shall soon see, the accuracy of a movement varies 
with its speed, so that the mere statement that such a movement 
or such a person is so accurate has no definite meaning unless 


the speed is specified. 


Part II. MErTuHops. 


The experiments which form the basis of the present paper 
were carried on during the year 1898-99 in the Psychological 
Laboratory of Columbia University. The subject of accuracy 
of movement was first brought to my attention as a fruitful field 
for study by Professor Cattell, to whom I am indebted also for 
many helpful suggestions during the progress of the work. 

My experiments have been carried on almost exclusively by 
the use of various forms of the graphic method. The particular 
advantage of this method was that it allowed the movements to 
be made at any desired speed and interval. It also allowed the 
performance of a large number of tests in a short time, leaving 
the measurements till afterward. In this way I have been able 
to accumulate a number of tests (over 125,000 movements have 
been used in preparing this paper) that would have been quite 
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impossible in any other way. The subsequent measurements 
took, indeed, a large amount of. time; but as they were very 
simple and mechanical in character, they could be made by an 
assistant. 

In studying the accuracy of the extent of a movement, I used 
a kymograph rotating on a horizontal axis, and carrying a,con- 
tinuous roll of paper 24 centimeters wide, at a rate of I-5 mm. 
per second. Over the drum was fitted a desk-like cover. This 
concealed the paper, except a narrow area, which showed 
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Fic. 1. Sample tracing of lines ruled on the kymograph, each required to 
be equal to the preceding. Reduced to % original size. A centimeter scale is 
drawn in on the last line. 


through a slot parallel to the axis of the kymograph. Along 
the nearer edge of this slot was a brass straight-edge, which 
could be moved to and fro, and so vary the width of the slot. 
At one end was fixed another piece of brass to serve as a ‘ stop,’ 
or, better, as a starting-point for the movements. When the 
desk-top was in position the brass straight-edge lay 2-3 mm. 
| from the surface of the paper beneath. A hard drawing pencil, 
beveled to a very tapering point, and held by the fingers in the 
ordinary position, was now inserted through the slot so that its 
point rested on the paper. The movement consisted in ruling a 
line along the straight edge in either direction. Then, as the 
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paper moved slowly by, the movement was repeated at regular 
intervals indicated by a metronome, and the record came out 
with the appearance represented in Fig. 1." 

The principal advantage of this method lies in the quickness 
with which a large number of movements can be made and re- 
corded. If it is desired to study the relation of the accuracy of 
movements to the interval between them, or if for any reason it 
is necessary to have the movements follow each other at a small 
interval, some automatic registering apparatus is indispensable. 
Especially is this true in the case of fatigue. In order to in- 
duce fatigue the movements must of course follow so quickly 
as to allow little time for recuperation between them. 

An apparent disadvantage of the particular arrangement here 
adopted is that the movement of the pencil point does not repre- 
sent exactly the movement of the hand which holds the pencil. 
As there is a certain amount of free play between the hand 
and the point of the pencil, and as the resistance to the motion 
is applied mainly at the point, it is clear that the hand must 
always move somewhat further than the pencil. This can be 
observed to be the case, and the more so in proportion to the 
speed of the movement and to the pressure upon the pencil. 

But though this would be a slight source of error if the study 
were primarily of the percepiion of movement, it is not so when 
the emphasis is laid on the production of movement. In the 
latter connection the movement must always be studied with re- 
spect to some result aimed at. Inthe present method the result 
attempted is the drawing of a line of a certain length. This 
attempt lies nearer common experience, and is more definite 
and tangible, and so a fairer test of accuracy, than the attempt 
to make a mere movement of the hand which shall have a cer- 
tain extent. 

The experiment was varied in several ways. Sometimes 
the normal was a seen line, which the subject was to copy time 
after time. Sometimes the line was reproduced from memory. 
Sometimes a line was previously drawn on the moving paper, 
at right angles to the direction of the movements, and the move- 


‘The cost of the apparatus was in part defrayed by a grant to Professor 
Cattell from the Elizabeth Thompson Science Fund. 
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ments were required to terminate just on that line. But the 
most useful method was to require each line to be equal to the 
one made just before. However much error had been commit- 
ted in that preceding line, no correction was to be attempted in 
the new line. The subject was impressed with the idea that 
his sole duty was, without reference to the errors he had com- 
mitted in the past, to make the present line equal to that imme- 
diately preceding. ‘The width of the slit was so adjusted that 
the subject saw the line he had just made. The advan- 
tage of this method lies, first of all, in the stimulus it gives to 
the attention. When a large number of repetitions of the same 
movement are attempted the attention flags and the movement 
becomes more or less automatic. But by this method the nor- 
mal is constantly changed, though but slightly. Automatism 
is excluded. There must be each time a new adjustment to 
fresh conditions. In the second place, this method is almost 
necessary if a series of movements is to be made with the eyes 
closed. If the eyes are closed, and a single normal is required 
to be repeated time after time, the test is one of memory rather 
than of accuracy of movement; but when the normal is in 
each case the line just made, the error of memory is mostly ex- 
cluded. Another very marked advantage of this method is 
that each movement is in every way comparable to that which 
it imitates. In the usual method of psychological experiments 
one stimulus is presented as a standard and the other as a quan- 
tity to be compared with the standard. The attitude of the ob- 
server toward the two is different. The one he stores in mem- 
ory; the other he compares with a memory image. From this 
difference in attitude arises a constant time-error. In the re- 
production of movements this error is specially in evidence, as 
has been remarked by Delabarre. The normal movement and 
the reproduction are made at different speeds, and with differ- 
ent innervations of the muscles antagonistic to the movement. 
As contrasted with this source of error, the method which makes 
each movement first a reproduction of the preceding, and then 
a normal to the following, insures that each movement shall re- 
ceive the same quality of attention and be carried out in the 
Same way. 
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Another advantage of this device of making each movement the normal for 
the following is that the calculation of results, the most tedious part of the use 
of the graphic method, is much simplified. Instead of measuring the whole 
lines and computing their average length and average error, we need measure 
only the difference between the end of each line and the end of the next. 
These differences give the errors directly. Moreover, if, as often happens, two 
or more successive errors lie in the same direction, it is not necessary to meas. 
ure them separately, but only their sum. And still further, if we get the sum 
of all the errors in one direction, and also the difference between the first and 
last lines of the series, we can easily compute the sum of the errors that lie in 
the other direction, and so the total and the average error. 

The ‘constant error’ is also readily obtained by this method, being sim- 
ply the difference between the first and the last lines divided by the number of 
lines less one. The curve itself gives a direct demonstration of the direction 
and amount of the constant error. This may be seen by reference to Fig. 1. 
Here, as in most cases, except where the speed is so great as to make it difficult 
to complete the movement, the constant error is positive (often more strikingly so 
than here). This figure also illustrates the method indicated above of calculating 
the average error. The sum of all the positive errors is 62 mm. Now if the sum 
of the negative errors were equal to that of the positive, the constant error would 
be o, and the last line would be of the same length as the first. Since the last line 
is 17 mm. longer than the first, the sum of the negative errors must be 17 mm. 
less than that of the positive errors. We may express the calculation in a gen- 
eral formula. If p be the sum of the positive errors and c the last line minus 
the first, then f—c represents the sum of the negative errors, and 2f—<c represents 
the total error. On dividing by the number of trials we get the average error. 
If it is desired to get the pure variable error, the correction can easily be made, 
first finding the constant error. As, however, the constant error is usually very 
small, the correction is not worth making. 

The average error seems at any rate to be the best general measure of the 
accuracy of movement, when the normal is Jerceived without much constant 
error. Evidently the accuracy of a movement cannot be stated wholly in terms 
of the variable error. Its accuracy must be tested by the closeness with which 
it attains its goal. The constant error and the variable error may well be iso- 
lated and studied separately. But for a complete measure of accuracy the two 
must somehow be taken in connection with each other, and there seems no 
better way of connecting them than to leave them combined as nature made 
them. 

There is one source of error in the method of making each line equal 
to the preceding : since the normal varies in length, the different movements 
in the same series are not strictly comparable. As the positive constant 
error is cumulative in its effect, the normal tends to become longer and 
longer. But this can be practically avoided by making the series short, or by 
dividing it according to length. 


Of the four ‘ psychophysical measurement methods,’ I have 
used principally that of ‘ average error.’ Whatever may be the 
difficulties in the application of this method to other branches of 
psychological research, it is here the easiest in practice and the 
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most defensible in theory. In measuring the accuracy of 
marksmanship the most direct and complete method would evi- 
dently be to measure the distance of each shot from the bull’s- 
eye, and obtain the average of these distances, or, better, to 
construct the distribution curve of the errors. As target prac- 
tice is a type of all experiments in accuracy of movement, the 
same method can be used in them all with the same justification. 

I have made use also of a sort of method of right and wrong 
cases. It resembles the counting of misses in a target practice, 
in place of measuring all the errors. Since the hits at a target 
are distributed around a center in accordance with the law of 
probability, it follows that if we count the number of hits that lie 
beyond certain limits, we can compute by means of the proba- 
bility curve the number that lie within any given limits, or 
determine the limits within which any given proportion of the 
hits must lie. More generally, when a series of measurements 
is distributed around a known center in accordance with the 
probability curve, we can determine the whole curve by deter- 
mining any one point. This is the principle of the method of 
right and wrong cases. We take a given difference and deter- 
mine in what proportion of the cases it is perceived aright. 
And then, we argue, we know the whole distribution of the per- 
ceptions around the normal in question. The method of right 
and wrong cases is thus seen to be a selection from the method 
of average error. The latter determines every part of the dis- 
tribution curve; the former, only one or two points of the curve 
directly, and the rest by theory. If, however, the distribution 
in any sort of experiment is not in accordance with the proba- 
bility curve—as would be the case if the action were performed 
sometimes in one way, sometimes in another—then the method 
of right and wrong cases does not enable us to determine the 
true form of the curve, as the method of average error would. 

Yet the method of right and wrong cases, or, at least, the 
method of counting misses rather than measuring all errors, has 
the advantage of saving time, and also enables us to make many 
hits at the same target. The close accumulation of hits around 
the center does not disturb our measurement, if we need only 
count the hits that lie outside of certain limits. Knowing this 
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number, and knowing beforehand the whole number of hits, we 
are able to compute the average error, as has already been done 
for the case of swinging the hammer. Or, we may fix on some 
proportion to be left outside—a proportion, for instance, that 
will give the average error or the error of mean square—and 
find by trial the limits to correspond. I will now describe the 
experiments in which I have used these devices. 

In the first, which may be called the ‘ coérdinate paper ex- 
periment,’ the movement consisted in hitting with a pencil point 
at the center of each in turn of the small squares in a sheet of 
coérdinate paper. ‘The coordinate paper used was ruled in 
squares of either one-quarter or one-fifth inch sides (6.4 or 5.1 
mm.). The squares within a block of one square inch were 
aimed at in the order of reading. After a large number of hits 
had been made the misses were counted. A hit that fell outside 
of the square or on its sides was counted a miss. A miss would 
thus measure longer in the corners than in the middle of the 
sides. But this introduced no error into the calculation, since 
the accuracy would in any case be proportional to the per cent. 
of misses. The disadvantage of this method is that a large 
number of hits must be made in order to get a reliable determ- 
ination of the per cent. of errors. Its advantage is that the sub- 
sequent calculation of results requires only counting instead of 
measuring. This is a point of considerable importance in study- 
ing fatigue, since, in order to get fatigue, an immense number 
of hits is necessary, and some device for shortening the calcu- 
lation is therefore almost indispensable. Besides that, it was 
desired not to confine the study exclusively to a single sort of 
movement, but to extend the observations to a reasonable variety 
of movements. The act of hitting rapidly at a series of targets 
is quite different from that of ruling a line equal in extent to 
another. It requires accuracy of direction as well as of extent. 
And it turned out also to be a more complicated act than that of 
hitting repeatedly at the same target. The motion is double; 
besides the vertical striking movements, there is a horizontal 
motion of the hand along the row of squares. The control of 
each is to some extent independent of the other. At the faster 
rates, however, it was not possible to aim each hit separately ; 
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the horizontal movement of the hand along a row, and the four 
or five striking movements for that row, had all to be performed 
as one act. It is perhaps on account of the complexity of this 
movement that its accuracy was subject to great variation at 
different times. For this reason it does not commend itself as 
a test in individual psychology, or for possible clinical purposes. 

Better adapted, because giving much more uniform results, 
is a device which may be named the ‘ three target experiment’: 

Three dots about a millimeter in diameter were made on a 
sheet of paper at mutual distances of 15 cm., forming thus an 
equilateral triangle. The sheet was fastened to a table, at a 
definite position with respect to the subject of the experiment, 
so, namely, that two dots were about 5 cm. from the nearer edge 
of the table, and the other dot beyond. One of the two nearer 
dots—the one on the left when the right hand was to be used, 
and the one on the right when the left hand was to be used— 
was brought into the subject’s medial plane. A metronome 
prescribed the speed. 

Beginning at the further dot, and going round and round 
the triangle in a direction opposite to the hands of a watch, 
the subject aimed in succession for each dot. Exactly 50 hits 
were made at each dot. Then, to measure the accuracy of the 
result, the method was simply to find, by trial with compasses, 
the radius of the circle which would just enclose 34 of the 50 
hits, and leave 16 outside. Those counted were, of course, the 
16 lying outside. The center of the circle was so chosen that 
the hits were distributed around it about equally on each side. 
It represented the center of distribution of the hits. The dis- 
tance of this center from the dot aimed at gave thus the con- 
stant error, which could be determined in direction as well as in 
extent. The radius of the circle gave the variable error of 
mean square, which is such that 68% of the cases lie within 
that distance from the average. 


Doubt may naturally be raised as to the accuracy of this graphic method of 
measuring the results. I have tested it in two ways: (1) by making duplicate 
copies of a few sheets by the use of carbon paper, and measuring the same rec- 
ords twice independently, with an interval of over a month. The two sets of 
measurements differed on an average by 5.5%—a difference due largely to one 
or two palpable mistakes, but after all by no means excessive when we remem- 




































ee 


© ee ee OM _ ° 
~~ ap ee me OSs - 


hy ew 


es 
ey i Re 


=* 


o> 5° ea 
en wee 


Se 
a 


= 
Pe 
a ae 


+e 6 ee SE 


ee 
gs Saw ee a ee 


< = ee, : 
. = Ta 
a « 


_— 


— 
2. ote | 
ae 


awe 
i 


ie od wii Saget : Sena Ss 2 Seed 


af 
‘ | /j 
hi 


: 
if 


pe pe en 


24 _R. S. WOODWORTH. 


ber that the probable error of the measurements in question for a series of 50 
hits is 6.7%. On compounding the two errors we find that the error of meas- 
urement increases the error due to chance from 6.7% to only 8.2%. The other 
way of checking the accuracy of the measurement was to compare its results 
with those of a more painstaking method. The latter consisted in having the 
targets made on millimeter codrdinate paper, getting the distribution of the hits 
along each axis, and combining the results so obtained. The differences be- 
tween these two methods of measuring the records were too slight to be con- 
sidered, as far as concerns the variable error. As concerns the constant error, 
they differed considerably. I should not depend therefore on the graphic com- 
putation for an accurate knowledge of small constant errors. For the vari- 
able error, this method gives all the accuracy we need, with the expenditure of 
but a very small fraction of the time required in the other method. Of course, 
the method of simply measuring the distance of each hit from the target would 
be of no service when it is desired to separate the constant and the variable 
errors. 

One distinct advantage, in the interest of accuracy, of the mode of com- 
putation adopted lies in the fact that it need attend only to the outside third of 
the hits. Any method which requires separate attention to the hits lying close 
to the target fails when the hits are closely bunched, since it is then impos- 
sible to decipher the record. On the whole therefore this graphic device prob- 
ably gives as accurate results as can be attained by any method of measuring 
many hits at the same target—and for my purpose some repetition was neces- 
sary, in order that the speed might be controlled. 

The object of using three targets instead of one was twofold: to increase the 
difficulty of the process and thus prevent to some extent automaticity of move- 
ment, and further to give a means for controlling the extent of the movements 
made. In work with a single target, it is difficult, and almost impossible if the 
speed is greatly varied, to insure that the hand be raised to the same height 
every time. The consequence is that the results at different speeds are not com- 
parable. But here the horizontal distance to be covered between each two hits 
is so large that the hand is never raised high, and such differences as there may 
be in the heights are slight in comparison with the whole distance moved. To 
the device of putting a stop vertically over the hand I object, because it intro- 
duces a disturbing element. The rule should be so to arrange the experiment that 
the subject can devote his whole attention to the execution of his task without 
the interposition of vexatious “‘ thou shalts’’ or ‘‘thou shalt nots.” 


Details of procedure, as adopted in the several experiments, 
will be given in the form of notes to the tables which record 
their results. 

The subject of accuracy of movement lends itself so readily 
to measurement and a quantitative treatment that my results 
have largely taken a numerical form. I have attempted to 
reach exact determinations of the accuracy under different con- 
ditions of speed, practice, fatigue, sensory control, etc. The 
numbers obtained are, perhaps, not very instructive in them- 
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selves; but a comparison of them leads to the detection of some 
of the influences which affect the accuracy of movement. 

If the error is decidedly less under certain conditions than 
under certain others, it is clear that the former conditions con- 
tain some influence beneficial to accuracy. The amount of this 
influence is not the most important thing, though I have tried 
to determine it with some degree of certainty. The princi- 
pal thing is the discovery of the influence in question. In such 
a search psychology cannot rely on introspection. We cannot 
tell from introspection what guides our movements. Nor can 
we rely on common observation, for in such matters it is in- 
accurate and far from concordant. We have to rely on a 
quantitative determination of the degree of accuracy obtained 
under different conditions. Here we have a method of psy- 
chology which does not depend upon introspection. And 
it seems undeniable that this method ought to be applied 
in as many fields as possible. It has been already applied in 
memory and in some problems of perception. Give the ‘ sub- 
ject’ some difficult task to perform under certain conditions 
from which he cannot escape (much as in a game); then vary 
the conditions, and measure and compare the success of his 
efforts, and you have a method which permits in the subject a 
direct and naive attitude toward the problem that is set him, 
and which enables the experimenter to analyze at his leisure 
the factors which contributed to the given end. Undoubtedly, 
this method might be skilfully adapted to various departments 
of psychological research. It is readily, almost inevitably, ap- 
plied to the problem of the accuracy of movement. The task 
set the subject is as direct as that of hitting a target. Only, the 
conditions are varied and the effects on his accuracy measured. 

The italicized figures in the tables are to be disregarded 
except by those who wish critically to estimate the reliability of 
the numbers given and the significance of the differences be- 
tween them. The figure in italics gives the error of the aver- 
age—not indeed the ‘ probable error,’ but the ‘error of mean 
Square,’ which is proportional to it, being 48% greater. My 
reasons for choosing this measure of the reliability instead of 
the probable error are that the error of mean square is always 
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computed first and the probable error from it; and that, to 
my mind, the larger error gives a more desirable measure. 
The chances are nearly even that the true value of the aver- 
age differs from the value obtained by not more than the prob- 
able error; while they are about 2 to 1, more exactly 683 
to 317, that the true value differs from the value obtained 
by not more than the error of mean square. Now what we 
want is a determination that has a balance of probability 
in its favor. Odds of 2 to 1 are really too small, but they 
are better than even chances. In order to get limits within 
which the determinations are really reliable, we must multiply 
the error given in the tables by 2, 3 or 4. The chances that 
the true value of the average does not differ from the value ob- 
tained by more than twice the error in the table are 20 to1; 
that it dges not differ by more than three times that error, 360 
to 1; that it does not differ by more than four times that error, 
over 16,000 to 1. When therefore an inference from a deter- 
mination would no longer hold if the value were changed by not 
over once or twice the error given, the inference can be said to 
have at most a degree of probability; but when the inference 
would remain unaltered, though the value were changed by 4 
times the given error, then the probability becomes a practical 
certainty. 

Since most of the inferences to be drawn from the tables are drawn from the 
differences which appear between the several determinations, it may be well to 
remind the reader of the rule for obtaining the probable difference between two 
averages. If the error of the first is a, and that of the second is 4, then the chances 
are 2 to I that the true values of the two averages do not differ from each other 
by more than )/a* + 5*—that is, if the two groups from which the averages are 
made have really no essential difference from each other. If then the actual 
difference between the averages of two groups exceeds this value, the chances 
are 2 to I that the difference is not the mere effect of chance, but significant of 
some difference between the phenomena measured. If the actual difference ex- 
ceeds 3 or 4 times this value, it is practically certain that we have a genuine 
difference between the two groups. If for instance we wish to see how much @ 
priori probability there is that the difference between the average errors 8.6 and 
11.8 in the first line of Table I. is significant, we obtain the square root of the 
sums of the squares of the individual errors, which gives us 7 1.17, or about I.1. 
The odds are 2 to 1 that two averages having these individual errors will not 
differ from each other, as the effect of pure chance, by more than 1.1. As the 


actual averages differ by 3.2, or three times 1.1, the odds are about 360 to 1 that 
the two averages represent different phenomena, or that their difference is sig- 
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nificant. In other words, the studied movements with eyes shut are, in all 
probability, really as well as apparently more accurate than the automatic move- 
ments. Of course, this purely mathematical treatment leaves out of considera- 
tion the extreme variations which often appear in human performances, and 
which, while not due to the numerous small causes, the combined action of 
which we call chance, are still unaccountable and irrelevant to the function 
that is being studied. For this reason, a cautious reader will be on his guard, 
and allow for each observed average or difference a somewhat wider margin of 
possible error than the purely mathematical treatment wouldshow. But, onthe 
other hand, lists of figures without some such appended measure of their re- 
liability are a snare. One cannot tell how much they may be worth. To give 
the number of observations from which the average is made is not sufficient 
since the reliability depends also on the variability of the series. To give the 
mean variation alone is insufficient, since the reliability depends also on the 
number of observations. To give both the number of observations and their 
mean variation supplies all the necessary data, but leaves the computation to the 
reader. The error of the average, as given in these tables, affords the reader a 
direct measure of how much reliance can be placed on the average, from a 
purely theoretical point of view. This error of the average is obtained from the 
mean variation and the number of cases, by dividing the mean square deviation 
(1.253 times the mean variation) by the square root of the number of observa- 
tions. Or, in most of our tables, since the average is itself an average error 
(practically identical with the variable error), the error of that average is ob- 
tained by dividing it by the square root of /wice the number of observations. 
Conversely, the number of observations can be approximately computed from 
the tables, by dividing the square of the average by twice the square of its 
error. These numbers of observations are quite unequal in different cases, rang- 
ing from 50 to 300. 


Some doubt may arise whether my work is really psycho- 
logical or physiological. The field of voluntary movement un- 
doubtedly lies, like the field of sensation, in the borderland be- 
tween the two sciences. On which side of the border the 
present studies lie, I have not thought it worth while to at- 
tempt to decide. 


Part III. RetatTions BETWEEN THE ACCURACY OF A 
MovEMENT AND Its SPEED. 


It is clear that the study of accurate movement must con- 
sider at every step the speed of the movement. Two move- 
ments are not necessarily the same because they have the same 
length. If one is more rapid than another, a factor is thus in- 
troduced which will very conceivably affect the accuracy. We 
must, somehow, be able in our experiments to know the speed 
of the movements. The method here adopted for this purpose 
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is based on the ease with which we can ‘keep time.’ The 
metronome has been my constant companion during all this 
work. The subject has been required to make one movement 
at each stroke of the metronome, which might be set anywhere 
from 4o to 200 strokes per minute. In case still greater speed 
was desired the subject was required to make two or three 
movements to each stroke of the metronome. After a little 
practice almost everyone can meet these requirements without 
devoting any attention to keeping time. 

Beside the methodological necessity of taking account of 
the speed of a movement, the relation of accuracy to speed is in 
itself worthy of study. Common observation teaches us that 
the accuracy diminishes when the speed becomes excessive, 
but further than that we shall have to rely on experiment. 
Will the accuracy diminish regularly, as the speed is increased, 
or will there be an optimal rate, at which the accuracy sur- 
passes that at either faster or slower rates? How much more 
accuracy is attainable at low speeds than at high? Is the curve 
the same for the two hands, and the same with eyes shut as 
with eyes open? For answers to all such questions we must 
turn to special experiments. 

I have tested the relation of accuracy to speed in several 
sorts of movements, which may however all be grouped into 
two classes: the ruling of lines on the drum, and the hitting at 
targets in different ways. I shall base my discussion of the 
matter on the results gained in ruled lines, and bring in the other 
experiments to confirm or to illustrate particular points. The 
movements of the experiments recorded in Tables I.-IV. were 
made by the method, defended above, of requiring each line to 
be equal to that which immediately preceded. Besides the 
tables, which give separately the results obtained from the in- 
dividual subjects, I introduce composite diagrams representing 
the average results for the four subjects. These diagrams will 
form the basis of the exposition, and the tables will be directly 
referred to only in noting individual differences. 

The relation of the accuracy of a movement to its speed is 
presented in Fig. 2. Since the ordinate is proportional to the 
average error of the movement, a rise in the curve denotes an 
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increase in the error, and consequently a decrease in accuracy. 
We see therefore that in a general way the movement loses ac- 
curacy as its speed is increased. As the number of movements 
per minute is increased from 20 to 200—as, therefore, the speed 
is increased tenfold—the error increases sixfold. We cannot 
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FIG. 2. 


reduce the result to so simple a formula as that the error is pro- 
portional to the speed. Here the error increases too slowly to 
be proportional. In the left hand, as we shall see, it increases 
too rapidly to be proportional. 

On looking more closely, we see that it is not even true that 
equal increments of speed produce equal increments of error. 
The line of ascent is not straight, but steeper in the middle por- 
tion than at either end. In fact, at each end there is a portion 
in which no perceptible increase in error attends the increase in 
speed. Movements at 40 per minute—that is, at intervals of 1.5 
seconds—are on the whole quite as accurate as movements at 20, 
with intervals of 3 seconds. And movements at 140, 160, 180 
and 200 are all about equally accurate. These facts will be 
studied more in detail in later connections. Here, by way of 
general explanation, it may simply be suggested that an inter- 
val of 1.5 seconds allows time for all the fine adjustments at 
the end of a movement—all the groping about, or adding on of 
slight additions—that can be done in an interval of 3 seconds. 
There is, therefore, a lower limit beyond which decrease in 
speed does not conduce to greater accuracy. And at the upper 
end there is a limit beyond which increase in speed does not 
produce much further inaccuracy. The reason is that beyond 
a speed of 140 to 160 movements per minute it is no longer 
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possible to control the movements separately. Much has to be 
left to the automatic uniformity of the hand’s movements, and 
this, as we shall see, does not diminish as the speed increases. 

In formulating this inverse relation between speed and accu- 
racy we have been limiting our view to movements that were 
regulated by sight. If we now take into account movements 
designed to be equal but made without the help of sight, we 
shall find this inverse relation to hold no longer, at least as a 
general rule. Fig. 3 shows the relation that obtains when the 
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Fic. 3. Relation of accuracy tospeed. Right hand. 


eyes are closed, and also when the movement is careless or ‘au- 
tomatic.” (For explanation of the ‘ automatic’ movements con- 
sult the text to Tables I.-IV.) We see that the automatic move- 
ments gain slightly in uniformity as the speed is increased, 
while the studied movements made with closed eyes are almost 
equally accurate (or inaccurate) throughout. The correlation 
between accuracy and speed is much slighter than when the 
eyes are used. 

As between the three sorts of movement, we notice that that 
which is governed by the eye is much the most accurate at low 
speeds, and that the movement with eyes shut, though less ac- 
curate than this, is still decidedly better than the careless move- 
ment. But though this is true at low speeds, it is less and less 
true as the speed is increased. The gradual decrease in ac- 
curacy when the eyes are used, and the gradual increase in the 
uniformity of the automatic movements, finally bring all the 
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curves to about the same level. From 140 on, the accuracy is 
about as great blind as seeing and at 200 no effort avails to 
improve on the automatic uniformity of the movement. We 
may put these results in another form as follows: at high 
speeds the accuracy contributed by voluntary attention, using 
either the muscle (joint) sense or the eyes, amounts to zero. 
By decreasing the speed we greatly increase the accuracy due 
to visual control, but do not increase that due to the muscle 
sense. 

All these inferences have been drawn from movements of 
the right hand. Fig. 4 shows that the left hand confirms them, 
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Fic. 4. Relation of accuracy to speed. Left hand. 


with one exception. We do not find at the beginning of the 
curve for eyes open a flat portion, as in the right hand. An 
interval of 1.5 seconds is not here as good as one of 3 seconds. 
The accuracy diminishes rapidly up to the rate of 120 move- 
ments per minute, and from there up remains practically con- 
stant. The curves for automatic movements and for movements 
with eyes shut betray no decided tendency, no closer correlation 
between accuracy and speed than obtains under similar condi- 
tions in the right hand. The only general tendency is a sag- 
ging of both curves in the middle. The minimum of error—that 
is, the maximum of accuracy—occurs at intermediate speeds. 
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The point at which attention ceases to add any accuracy to au- 
tomatic movement comes here at a lower speed than with the 
right hand. The interweaving of the curves begins as low as 
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Fic. 5. Relation of accuracy to speed. Eyes open. 





In order to compare more easily the accuracy of right and 
left hands, and thus to contribute a little to the study of bilateral 
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Fic. 6. Relation of accuracy to speed. Eyes closed. 





asymmetry of function, the corresponding curves of Figs. 3 and 
4 are paired off in Figs. 5,6 and 7. Fig. 5 enables us to com- 
pare the accuracy of movements controlled by aid of the eye. 
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At the slowest rate employed, the accuracy attained by the left 
hand is practically the same as that attained by the right. But 
as the speed is increased the two curves diverge more and 
more, showing that the left hand is much more quickly and ex- 
tremely affected by speed than the right. We find in Fig. 6 
that the superiority of the right hand over the left is marked 
when the eyes are not used, and in Fig. 7 that the same is true 
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FIG. 7. Relation of accuracy to speed. Automatic movements. 





even of the uniformity of automatic movements. In both cases 
the superiority is clearly visible at the lowest rates, but still 
more so at the high speeds. 

These differences between the hands are not peculiar to this 
one sort of movement, but appear also in target experiments of 
different kinds, as is shown in Tables XII. and XIV. 

The advantages of the right hand over the left, in point of 
accuracy, would accordingly seem to be three: 

(1) While not capable of greater precision than the left 
when plenty of time is allowed, it can be controlled much more 
rapidly. Slow movements can be made as accurately with the 
left hand, provided the eyes are used—which means, provided 
a delicate sensory control is used. If plenty of time is allowed, 
either hand can probably be adjusted as fine as the naked eye 
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can see. But if the speed is increased beyond a certain point 
—a point which will have different positions for different kinds 
of movements—the left hand can no longer be controlled as 
closely as the right. The seat of this superiority of the right 
hand is probably in the motor centers. The same may be said 
of the next point of superiority. 

(2) Even in automatic movements, the right hand shows a 
greater uniformity than the left. This is presumably an effect 
of the greater practice that the right hand has had in making 
uniform movements. It furnishes a basis of regularity on which 
the voluntary accuracy of the right hand can build. 

(3) Inasmuch as the right hand gives better results also 
when the eyes are closed, it would seem that the muscle, joint 
and skin sensations from the right arm are probably more deli- 
cate than those from the left. Yet it is possible that (3) is 
simply an effect of (2), 


TABLE I. 





RIGHT HAND. LEFT HAND. 


EYES SHUT. | AUTOMATIC. | EYES OPEN. | EYES SHUT. | AUTOMATIC. 
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RIGHT HAND. LEFT HAND. 
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Tasie III. 
ae | RIGHT HAND. LEFT HAND. 

’ | EYES OPEN. | EYES SHUT. | AUTOMATIC.| EYES OPEN. | EYES SHUT. | AUTOMATIC. 
20 10.4 Z| 2.1 .2| 10.0 6) 05 | 6.2 7 | 6.5 7 
40 |0.6 J | 2.7 3) 8.0 g| 08 I} 4.4 wie Ss 7 
60 |/1.3 I) 2.9 3| 5.6 3| 1.9 .2/| 5.9 -7| 5-4 6 
80 || 3.2 .2| 3.1 3| 4.9 3| 4.2 -$| 4.4 .4| 4.8 5 
100 || 3-3 +2 | 3-3 3Z| 5-7 3) 3-7 Z| 3-1 3 | 3-9 4 
120 || 3.5 .2| 3.6 3| 48 3| 5.6 6} 6.8 -5 | 6.4 6 
140 || 3.8 3 5-9 3 
160 || 4.0 314.9 -4| 5.2 3/104 J.0| 7.0 .6| 7.5 6 
180 ||4.4 3 4.7 3 
200 || 4.7 5 | 4.6 4| 4.4 2] 9.3 8} 7.2 .5 | 6.0 5 

TABLE IV. 
iad RIGHT HAND. LEFT HAND. 

EYES OPEN. | EYES SHUT. | AUTOMATIC. EYES OPEN. | EYES SHUT. | AUTOMATIC. 
20 |\|0.6 Z| 5.7 3| 0.4 Pm 8.3 6 
40 ||0.4 1) 3.8 3 0.9 es 8.4 a 
60 ||0.8 J | 3.8 2 | 3.0 v 6.8 a 
80 || 1.9 J | 3.8 a 2.6 2 | 5-9 3 
Ioo =|} 3.4 I | 3.4 -2| 3.2 2/| 5.5 J | 6.0 2 
120 || 4.2 3 | 3-3 -2| 3-9 TRS 5 | 
140 || 4.7 3 | 3-2 2) 4.2 .2/5.8 f | 
160 || 3.4 .2| 4.3 -3 | 4.0 3 | 5-0 3 | 7-3 5| 8.7 7 
180 || 4.0 .2| 3.5 2/49 3 | 5.8 j | 8.1 .6| 9.0 6 
200 || 3.8 2 | 3.3 .2| 3.4 .2| 6.6 4|7-5 .5 | 10.2 7 











Relation of accuracy to speed; lines ruled on kymograph. Each line re- 
quired to equal the preceding. In the column headed ‘MM’ are given the 
number of movements per minute, as prescribed by a metronome. The other 
columns give average errors in millimeters. In the columns headed ‘ open ’ the 
eyes were used in guiding and checking the movement. In the columns 
headed ‘shut’ the eyes were shut and the guidance depended on the tactile 
senses, In the column headed ‘automatic,’ though the eyes were open, they were 
not directed to the work, but wandered around the room or out of the window. 
These movements were entirely careless—‘ automatic’ I have called them. 
They were not automatic in the sense used in speaking of automatic writing, 
but more in the sense in which walking is automatic. Most of my subjects 
soon learned to attend to these movements just enough to keep them going. 
No attention was devoted to making them equal. 

My object in introducing such automatic movements was to obtain a sort 
of zero mark for the accuracy produced by voluntary effort. A certain amount 
of uniformity may be expected in a repeated movement, even if it be left to 
itself. The additional accuracy produced by voluntary control starts with this 
automatic uniformity as its basis, or as its zero mark. 

Of the four persons who served as subjects in these experiments, D, F and 
W were men of 25-30 years, students of psychology, and P was a young lady, 
a clerk in the laboratory. Others who served in occasional experiments, G, H, 
Sp, Dx, were also students of psychology, and Sn a law student. 
































36 R. S. WOODWORTH. 


Having now drawn the general conclusions that proceed 
from the composite curves, we next turn to the tables and look 
for individual differences. 

We notice that the individuals differ markedly in accuracy ; 
but that it is not always the same individual that is most accu- 
rate at all speeds or in all the varieties of the experiment. De- 
cidedly the least accurate of the four is P, then comes W, 
while D and F are close contestants for first place. The same 
general standing was maintained by these four subjects in an- 
other form of test. 

The individual curves, if drawn, would have about the same 
shape as the composite curve, and the conclusions reached 
above would be substantiated in the individual cases (with one 
exception). 

Thus, when the eyes are used the accuracy of the right 
hand always shows the same slow change at low and at high 
speeds, with abrupt changes at certain intermediate points, as 
at 80 or 100. 

The left hand is at 20 always about as good as the right 
(eyes open), but rapidly becomes less accurate as the speed is 
increased. The right hand is in all other cases more accurate 
than the left. 

In the movements made with shut eyes no distinct correla- 
tion appears between speed and accuracy, except in two 
series. In D’s right hand the accuracy zmcreases quite percep- 
tibly with the speed up as far as 140. And in F’s right hand 
the accuracy decreases as the speed is increased, in exactly the 
same way as when the eyes are used. This is a distinct excep- 
tion. This subject visualized very strongly, but I fail to see 
why this should help his right hand and not his left. I can 
only infer that this subject has a much finer muscular and joint 
sensibility in his right arm than the rest of the persons tested. 

The individual curves of automatic movements show no 
strong tendencies, yet they present some fairly-marked differ- 
ences. In right-handed automatic movements no definite ten- 
dency in any direction is shown except by F, who gives an in- 
crease of uniformity with speed. In the left hand, only W 
shows no definite tendency; each of the others has a minimum 
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of error—z. ¢., a maximum of accuracy—at some intermediate 
speed: D at 80, F at 100, P at 120. 

We must now examine the results obtained, with a view to 
analyzing them and detecting the factors which make for accu- 
racy and for inaccuracy. 

Our first question is as to whether the decrease in accuracy 
at high speeds is due to the increase in speed Jer se, or to the 
diminution of the interval between successive movements. All 
along, the increase of speed has been brought about wholly by 
making the metronome beat faster, thus compelling a more rapid 
movement, but at the same time diminishing the interval be- 
tween successive movements. Now inasmuch as some time is 
undoubtedly needed, at each trial, for the perception of the 
new normal, and for adjusting the movement to this perception, 
it is quite conceivable that the decrease in accuracy at high 
rates may be due to insufficiency of time for perception and ad- 
justment. The adjustment here referred to is of course the 
initial adjustment. ‘The later and finer adjustments would be 
interfered with by the speed rather than by the interval. 

In order to answer this question it is only necessary to vary 
the speed and the interval independently. This is accomplished 
most simply by setting the metronome at a slow rate, and requir- 
ing the movement to be now slow, now rapid, but always at the 
same long interval. The results appear in Table V. 























TABLE V. 
EACH = PRECEDING RULING TO A LINE. 
AV. E. C.E. AV. E. C.E. 
All slow. O. I | +0.3 7} 0.6 | +0.3 I 
All fast. = 4.5 .4| +0.1 .6| 4.9 .4| +0.2 4 
ow. (0.8 I | +0.4 10.5 Z| +0.3 off 
Alternately { Por 4.6 | +tI.1 5 | 4.3 3 | +1.7 4 





Interval constant (one second), but speed varied. Errorsin mm. Subject 
W. The experiment consisted in ruling lines on the kymograph. The speed 
was not exactly regulated, the slow movements being simply as slow as was 
possible at the prescribed interval, and the fast movements much more rapid. 


The table gives the results obtained when the eyes are used. 
When the eyes were closed, and the movement was alternately 
slow and fast, the results were quite different, as follows: 
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With the metronome set at 4o, 
Average Error. Constant Error. 


Slow movements gave. . . . — 12.7 

Fast 7 5 j + 10.6 
With the metronome set at 60, 

Slow movements gave , — 11.6 

Fast “ - + 12.9 


The results may, therefore, be summarized as follows: 

1. When the movement is controlled by the eyes it is much 
less accurate at a high speed than at a low—and that although 
the interval remains the same. 

2. But when the eyes are shut changes of speed have no 
perceptible influence on the average error. 

3. When the eyes are shut differences in speed do, however, 
introduce different constant errors. ‘The faster movements are, 
almost without exception, too long, the slower too short. The 
subjective measure for the length is different at the two speeds. 
This result agrees with one obtained long ago by Vierordt and 
Camerer,' and confirmed by Loeb. 


TABLE VI. 


SUBJECT F. SUBJECT P. SUBJECT w. 


SER. 1. | SER.2. | SER.1. | SER. 2. Ie | SER.2. | SER. 3. 
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Speed constant, but interval gradually increased. The metronome was set 
at 200. Where the interval is recorded as z#, sec., for instance, the meaning is 
that one movement was made at each fourth beat of the metronome. The in- 
terval was counted off by an assistant or by a bellon the metronome. In some 
of the series, small movements, in time with the single beats of the metronome, 
but uncontrolled as to length, were kept up during theintervals. In other 
series the hand simply rested during the intervals. Again, in some of the 
series the normal was in each case the preceding line, in other series the move- 
ment was required to terminate at a seen line. As follows: 


Subject D, intervals vacant, each = preceding. 
Subject F, ser. 1, intervals vacant, ruling to line. 
ser. 2, se “each = preceding. 
Subject P, ser. 1, “ ~ " ” - 
ser. 2, movements during interval, each =preceding. 
Subject W, ser. 1, intervals vacant, ruling to line. 
ser. 2, movements during interval, ruling to line. 
ser. 3, - ™ ws each = preceding. 


1 See Vierordt. Der Zeitsinn, 1868, p. 148. 
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In the preceding experiment the interval was constant and 
the speed varied. In Table VI. the opposite is the case. This 
was accomplished by setting the metronome at a Azgh rate, and 
requiring each movement, while consuming the time of a single 
beat, to be executed now at every beat, now at every second, 
now at every third, etc. In this way the speed was kept (ap- 
proximately) constant, while the interval was increased from 
shy to 3% of a minute. The results show that the correlation 
between interval] and accuracy is by no means so close as that 
between speed and accuracy, but that, on the whole, the accu- 
racy diminishes as the interval is prolonged. 'This unexpected 
result will be discussed after we have presented more complete 
evidence that it is a fact. This is found in Tables VII.—XI., in 
which both quantities are varied, but independently. 















TABLE VII. 


SPEED PROPORTIONAL TO 
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— 20 40 60 80 100 120 140 160 180 8 200 

26 0.5 .2}0.6 .7/1.4 07) 4.3 .4\ 4.4 5 5-5 .6 8.6 7 6.3 .6| 4.6 5 5.7 .6 

#5 0.2 32 J 6.1 .7 4.3 4 16.9 .7 

to 0.3 13-9 -4| 3.8 .¢) 

80 1.4 J | | 4.5 .5 

roo 2.8 .3| | 7.5 .6 

T20 (2.8 3) | 

140 14.2 . 

Tao 3.1 3 

tho | | | 3.5 3 

200 | | 3:7 

TABLE VIII. s 

sista SPEED PROPORTIONAL TO fi 

7 ae cae 60 80 100 120 1140 160 18 200 if 

25 0.9 .7)1.8 .2) 2.4 3 3-0 .3/ 3-6 .4 3.5 -4 3.6 4 5.8 .6|7.5 .7/5.5 .6 1 

75 1.0 .J 13.1 3 3.8 .3| 5.4 4 9.2 .9 BT} 

to 1.6 .2| 17 3 5.3 «5 | 
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TABLE IX. 





SPEED PROPORTIONAL TO 
INTERVAL. ve 


60 80 100 120 140 #160 180 200 
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TABLE XI. 


SPEED PROPORTIONAL TO 
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Interval and speed varied independently. The interval was varied as de- 
scribed in connection with Table VI. The speed was varied by requiring a move- 
meut to occupy the time of a single beat of the metronome, and setting the 
metronome at different rates ; keeping the interval constant meanwhile by re- 
quiring a movement to be made only with every second, third or fourth beat of 
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the metronome. Thus in the uppermost line the interval was kept constant 
and the speed varied by making a movement at cach beat when the metro- 
nome was at 20, at each second beat at 40, each ¢hird at 60, each fourth at 80, 
and soon. The interval wasthus kept constant at three seconds, and the speed 
was successively proportional to 20, 40, 60, 80, etc. 


VII. is from subject D, each = preceding 


VIIL. ia) ce < W, ‘ec < 

: Lai ec cc Pp, ‘ ‘< 

, ‘< ‘ce “ce F, < ‘é 
—. ‘* fF, ruling to seen line. 


Along the horizontal lines in the tables, the interval is con- 
stant and the speed varied; and we see that the error every- 
where increases with the isolated speed. Along the vertical 
lines, the speed is constant, but the interval is varied; and we 
see that the error almost always diminishes as the interval is 
shortened. Finally, along the main diagonal, and along other 
oblique lines which can be traced, the speed and interval are 
varied simultaneously as in the ordinary experiments; and the 
result is the same as was obtained above in those experiments. 
We notice a more rapid increase in error along the horizontal 
lines than along the oblique lines—a consequence of the inverse 
relation of accuracy to the interval. 

The conclusions to be drawn from these experiments are 
evidently these: 

(1) The great factor operating against accuracy is the mere 
speed of the movement. 

(2) The short intervals allow plenty of time for perception 
and initial adjustment—that is to say, for so much perception 
and adjustment as the rapidity of the movement allows to be 
put to use. 

(3) If we distinguish between the cuctzal adjustment of a 
movement to the desired length, and the current or contemporary 
control exerted over it during its progress, we see that the con- 
ditions of current control are not changed by altering the inter- 
val preceding the movement, in independence of speed. The 
current control would be influenced by the time occupied by the 
movement itself, but not by the interval preceding. The un- 
favorable influence of a long interval must therefore be exerted 
solely on the initial adjustment. There is something about a 
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short interval that is more conducive to an accurate adjustment 
of the initial impulse. What that something may be is sug- 
gested by the fact, already established, that a fair degree of uni- 
formity appears even in automatic movements, and that this 
uniformity is rather increased than decreased by high speed. 
There is a certain momentum of uniformity, which would, of 
course, be favored by ease of rhythm, and apparently also by 
a short interval between movements. Whatever additional 
uniformity is contributed by attention to the initial adjustment is 
probably favored by the same conditions. The nerve centers 
will more readily discharge in a given way, if they have but 
very recently discharged in the same way. 

It has thus developed that our original method of increasing 
the speed of movements, by decreasing the interval allowed be- 
tween them, involved the contrary action of two influences: 
speed proper, tending to inaccuracy; and shortness of interval, 
tending to uniformity. The former was the stronger influence, 
so that the resultant effect was to produce a decrease in accu- 
racy. But beyond a certain point this decrease scarcely con- 
tinued; shortness of interval balanced speed. 

The bad effect of speed consists in rendering impossible a 
delicate current control, in preventing those later and finer ad- 
justments by means of which a movement is enabled to ap- 
proximate more and more closely to its goal. On the other 
hand, the bad effect of a long interval is exerted on the zuztza/ 
impulse. The initial impulse becomes less certain as the inter- 
val that has elapsed since the last similar impulse increases. 

If this interpretation of the results be correct, two inferences 
follow and may be tested. First, any sort of movement in 
which the current control is so imperfect that the accuracy de- 
pends mostly on the initial adjustment will be expected rather 
to gain than to lose from hastening the beat of the metronome. 
The resulting increase in speed would then do no harm, while 
the decrease in interval would do good. Second, any move- 
ment of which the initial adjustment has to act in opposition to 
the momentum of uniformity will lose accuracy very rapidly 
as the beat is hastened. The speed will do harm, and the 
shortened interval no good. Each of these inferences is sub- 
stantiated by facts. 
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‘An example of imperfection in current control is afforded 
by almost any movement with the eyes shut. If the reader will 
consult again Figs. 3 and 4, and Tables I.-IV., he will notice 
that the general tendency is for the accuracy to increase with 
the speed, at least up to a certain point. This tendency would 
be more marked in the composite curves if it were not for the 
unusual accuracy shown by subject F at the low speeds, 
pointing apparently to an ability on his part to perceive the ex- 
tent with a fineness sufficient to permit of good current control. 

Further examples are afforded by those columns of Table 
XII. which record the results obtained with eyes shut. In this 
‘three-target experiment’ the current control of a movement 
was very slight indeed when the eyes were not used. We see 
in the results a tendency to a minimum of error at middle rates. 
The tendency is unmistakable in the right hand. Here again 
we see, therefore, that increasing the speed increases the accu- 
racy up to a certain limit. And since the accuracy of the 
movement is here determined almost entirely by the initial 
adjustment, we conclude, as before, that diminishing the inter- 
val improves the initial adjustment. 

Evidence along this same general line is afforded by the 
‘curve of forgetfulness’ established by Bowditch and Southard 
in the case of locating a point with the hand, and by the similar 
curve established by Miinsterberg for the memory of the extent 
of arm movements. Both of these results have been summar- 
ized in the section devoted to the literature. In both cases it 
was found that, up to a certain limit, increasing the interval de- 
creased the accuracy. ‘That the limits differed widely in the 
two cases is perhaps because of the difference in the function 
studied, and perhaps because Miinsterberg did not consider 
intervals smaller than 2 seconds. It is possible that there may 
be another maximum of accuracy below that limit. That this 
supposition is probably correct my results lead me to believe. 
There seems to be a distinct tendency for the accuracy of the 
reproduction to increase, when the eyes are shut, from 20 to 80 
or 100—that is, from an interval of 3 seconds down to one of 6 or 
7 tenths of a second. 

The question of an optimal interval, which has been close at 
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hand for several pages, is thus now squarely before us. We 
have found that decreasing the interval acts beneficially to the 
accuracy of the initial adjustment, but always up to some limit. 
Is there then some particular interval which is best adapted 
to secure accuracy in the initial impulse, which is just long 
enough to secure the maximum accuracy which that impulse 
can attain? Can we point out and determine such an interval? 
The proper way to settle the question would be to turn to our 
table of results when the interval was varied independently of 
the speed, and look for minimum errors. On consulting Table 
VI. and running up the vertical columns in Tables VII.—-X1., 
we get rather discrepant indications. We find no indication of 
an optimal interval greater than one second. So much at least 
is certain. Decreasing the interval down to one second is pretty 
sure to increase the accuracy. And the appearances are that it 
may be profitably decreased still further. Subjects D and F 
seem to find the shortest interval allowed better than anything 
longer. Subject W, on the contrary, seems to find 0.6 sec. 
(s}y7 min.) better than 0.3 sec. It is to be regretted that the 
conditions of the experiment did not permit the use of intervals 
between those values, while keeping the speed constant. It is 
entirely possible that the optimal interval lies within this gap. 
It is also likely that it is longer for the left hand than for the 
right. As far as we can judge from the curves of automatic 
movements and of movements with eyes shut (Figs. 3 and 4), 
we should judge that for the right hand all intervals from ‘80’ 
on (2. é., from three-fourths of a second down to three-tenths) were 
about equally good, the very smallest possibly a little better 
than the rest; and that for the left hand the optimum would lie 
almost anywhere between a second and a half second. 

These results do not enable us therefore to locate an optimal 
interval with any high degree of probability, nor even to estab- 
lish the existence of such an interval with certainty. It is how- 
ever practically certain that such an interval exists. We have 
clearly seen that decreasing the interval does at first increase the 
accuracy. But this increase can hardly continue clear down to 
an interval zero. There must be a turning-point somewhere. 
These results suffice to show that the turning-point lies below 
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one second, and that for the left hand it probably lies above 
0.3 sec. 

If we now look back over our evidence for the ‘first in- 
ference’ made above, we shall find it satisfactory. We inferred 
that 7f the speed of a movement interfered with its accuracy 
only by interfering with the current control, and not by inter- 
fering with the initial adjustment, and 7f shortening the interval 
between movements favored accuracy only by helping the initial 
adjustment, and not by helping the current control, ‘hen a move- 
ment which had to depend for its accuracy on its initial adjust- 
ment should become more accurate as the speed increased, pro- 
vided the interval decreased at the same time. The initial im- 
pulse would be helped, and there is no other source of accuracy 
to be injured. We found that this was true within certain 
limits. ‘To explain the limitation, we have the very probable 
assumption of an optimal speed. We have qualified our first 
rule, that ‘the accuracy increases as the interval is shortened,’ 
by the addition of ‘within certain limits.’ And within these 
limits, as far as examined, we have found our inference to hold. 
Everything looks as if we were right in supposing the beneficial 
influence of shortening the interval to be exerted primarily on 
the initial adjustment. 

Our ‘second inference’ above will be more easily estab- 
lished. Weinferred that any sort of movement of which the 
initial adjustment had to act in opposition to the momentum of 
uniformity would lose accuracy very rapidly as the speed is 
increased. In such a case the decrease in interval would not 
begin to compensate for the increase in speed. We should have 
quite a different curve from that of Fig. 5, in which the highest 
speeds are scarcely less accurate than the intermediate. In the 
movements on which Fig. 5 is based the automatic uniformity 
came in and helped at high speeds. But suppose the move- 
ments were such that automatic uniformity would hinder rather 
than help the initial adjustment—then the power of current con- 
trol would be lost without anything to take its place. 
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TABLE XII. 





tet, 
za 
- > <= a —ehaaneetes * 
_— = 








ro 


e | SUBJ. D. | SUBJ. F. | SUBJ. W., RIGHT H. SUBJ. W., LEFT H. 
. | ——— 


— 
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| R. H. OPEN. | R. H. OPEN. | OPEN. SHUT. OPEN. SHUT. 





40 0.1 0.3 , 21.3 2.8 15.6 

80 0.2 0.6 14.1 4.3 14.0 
120 2.0 “3 13.6 5.6 20.2 
160 4.1 5.6 9-3 8.6 12.1 
200 6.5 7.5 11.6 10.5 19.1 
240 || 68 9.0 10.4 10.3 15.2 
280 || 13.3 10.6 11.5 14.5 22.1 
320 15-5 19.5 20.1 21.3 
360 20.3 26.2 26.8 
400 24.7 
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‘Three-target experiment.’ Subjects D and F with right hand, and open 
eyes. Error (of mean square) of each average = 6% thereof, except in column 
3, where it—3%. 

Such a movement is that of the ‘ three-target experiment,’ 
Table XII. Here each initial adjustment is a repetition not of 
the last, but of the third before. Between, two movements of 
quite different direction have been made. And anything like 
automaticity is excluded by the angular character of the whole 
movement. The natural tendency to cut the corners is not a 
help, but a hindrance to accuracy. Thus the ‘ momentum of 
uniformity,’ if operative at all, is so only to a slight extent. 
The result is that, in proportion as speed interferes with the 
current control, the accuracy is lost. There is no flattening 
out of the curve at the higher rates, but the error increases 
finally by great jumps, making the last part of the curves the 
steepest. 

This is the result with eyes open. That with eyes closed, 
giving a minimum of error at intermediate rates, has already 
been discussed. If our assumption of an optimum interval is cor- 
rect, and if that interval be located for the present movement at 
about 160—as seems likely from the columns for eyes closed— 
then notall the increase in error at high speeds would be due to the 
failure of contemporary control. The latter supposition would 
in any case be hardly justified ; for very little readjustment of a 
movement is possible above about 200. But if the optimal in- 
terval has been passed, then the initial adjustments also will be 
becoming inaccurate, and the combined loss in accuracy will 
be very great. 
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TABLE XIII. 





























60 | 80 | roo | 120 140 | 160 | 180 | 200] 240 
Aimed at each. 2.1 | 2.6.7 | 3.2.2) 3.8.2 .2| 5.2 .2/6.1 .2\7.3 .3| 8.2 3 
Aimed at only one.| I.9 .2| 1.4.2 | 2.1 .2| 2.0 2 nae -2 | 3-2 3 3.1 I .3|3-8 .4| 3.7 .¢ 





‘Three-target experiment.’ Subject W. In the first row the subject 
aimed at each target in succession, as in the experiments of Table XII. In the 
second row target No. 1 only was aimed at, the others being hit at carelessly; 
the eyes remained fixed on No. 1. Only the hits at target No. 1 were counted. 


That there is an optimum interval below 200, and that not all 
the increase in error is due to contemporary control, results 
from a slight variation of the experiment. Since it was found 
difficult at high speeds to move the eyes around the triangle of 
targets fast enough to get a good aim at each one, I tried the 
effect of aiming at only one of them, but still carrying the hand 
around to the triangle and hitting more or less at random near 
the other targets. The result was that the task became, intro- 
spectively, much easier, and that the error was much reduced. 
This result can be seen in Table XIII. It means that a large 
part of the error at high speeds was due, not to failure of the 
current control of each movement—for the speed of the move- 
ment was the same as when every target was tried for—but to 
the failure to get a good aim at the start; in other words, to the 
lack of a good initial adjustment. Inasmuch as the error re- 
mains almost constant from 60 to 140 when only one target 
was aimed at, although the increase of speed made the current 
control of each movement less accurate, we may infer that the 
initial adjustment was all along becoming more accurate, and, 
therefore, that the interval was becoming more favorable. But 
at about 160 the rapid loss in accuracy points to a deterioration 
of the initial adjustment. At about that point the optimal inter- 
val must have been left behind. This agrees fairly well with 
the location of the optimal interval at 160, from the columns for 
eyes shut in Table XII. It is quite probable that the best inter- 
val would be longer in the more difficult movement of the ‘ three 


targets’ than in the more automatic movement of ruling equal 
lines. 
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TABLE XIV. 


1 RIGHT HAND. LEFT HAND. 
| | 


i IST SER. 2D SER. . IST SER. 2D SER. AV. 








MIN. 





20 7 1.0} 2.8 2.4 
40 | 6 " ri} 2.8 2.2 
60 2.3 2.2 
80 ¥ 1.0) 3.3 3.0 
100 6.0 6.4 
120 | 7. , 1.2) 8.5 8.6 
140 | 14.5 14.2 
160 | 9. | ’ 1.3 | 14.8 15.6 
180 17.3 17.4 
200 1.4} 22.3 21.4 
240 \ 1.3 | 28.8 29.0 
280 19 . 1.8 | 40.0 40.6 
320 18 | . 7.8} 430 44.0 
360 22 : 1.91 52.3 53.2 
400 28 . 2.0] 61.5 61.4 


480/133 | 9 22 
































‘Coérdinate paper experiment.’ The targets were quarter-inch squares. 
A block of sixteen was done at one rate and then the rate was changed. Sub- 
ject W. Each first series includes 400 movements at each speed. Each of these 
series includes experiments of several different days. The second series for 
each hand includes 100 movements at each speed—all of them done the same 
day, several weeks after the close of the first series. Zheentries in the table 


give per cents. of misses. 


ERRORS 








Seren” 40 80-120 160-200-240 280 320 360 400 #80 
Fic. 8.—Relation of accuracy to speed, in the ‘codrdinate paper experi- 
ment.’ 


A movement somewhat similar to the last, one in which the 
new adjustments are not repetitions of the old, and in which, 
accordingly, increase in speed brings decrease in accuracy, is 
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the movement of the ‘codrdinate paper experiment.’ The 
results are recorded in Table XIV., and presented to the 
eye in Fig. 8. The increase in error is fairly uniform with the 
left hand, except that it does not begin till 80. The right hand, 
however, shows some irregularities, which may be significant. 
There are some speeds which give greater accuracy than those 
on either side. This would appear more strongly in the 
records for separate days. Much may be attributed to mere 
chance; but probably not all is to be so explained. ‘There was 
generally a feeling on the part of the subjects—and several sub- 
jects expressed the same feeling—that this or that speed was 
preferable to those just faster and just slower. The preferred 
speed was not the same for different subjects, nor always for 
the same subject at different times. No importance would at- 
tach, therefore, to determining its exact value in a given 
experiment. But the reason for the optimal speed is worth 
seeking. Subjectively, it was that this or that was a more con- 
venient rhythm for the movements. Above about 200 the 
movements were too near together to receive separate attention. 
It was necessary to adjust for 2 or 3 or for a row of 4 or 5 all 
at once. In other words, a sort of automatism entered. It was 
not exactly automatism, but rather compoundness of voluntary 
impulse. One such impulse produced several hits. This 
affords an opportunity once more for an optimal interval be- 
tween the hits, and such an interval makes its appearance, and 
that consciously, though not always at the same point. It is 
quite possible, therefore, that the slower ascent of the right- 
hand curve up to 240 is an expression of some advantage found 
in the shortened interval, an advantage which partially com- 
pensated for the increase in speed. But above 240 this com- 
pensation was lost, both initial adjustment and current control 
suffered, and the decrease in error was rapid. 


Another fact which hints at some peculiarity of the initial adjustment came 
to light in this codrdinate paper experiment. Before relating the fact one or 
two details of the procedure must be described. After a block of 16 squares 
had been hit at, the metronome was shifted, and the next block done at a higher 
or a lower rate. Usually the experiment started at either the slowest or the 
fastest rate, and proceeded gradually to the other extreme, and then back again 
(¢. g., in the order 20, 40, 60 * * * 480, or else 480, 400, 360 * * * 20). It 
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seemed to the person making the movements that he could do better when the 
speed was being increased than when it was being decreased. On examining 
the records, this was found to be the fact, especially as regards the middle rates, 
from 120 to 320 hits per minute, inclusive. If we lump together everything be- 
tween these limits, we get the average per cent. of errors in each series of Table 
XIII., as follows: 
Right hand, 1. series, speed increasing, 12%; decreasing, 13%, 
“e e 2. “ce “ “ce 10% ; “cc 19%. 
Left le “iti - 9 22% ; “ 25%. 
«ce “e 2. cc “é “c 23% ; “cc 26%. 


The difference is not always strikingin amount, but is fairly regular in occur- 
rence—23 cases out of the 30 from which these gross averages are formed. This 
result is, perhaps, what would be expected. Any difficult movement, we should 
guess, would be best done by beginning deliberately and gradually working up 
to a passable speed. This is not, however, always true. On testing it in lines 
ruled in the drum, I found the following average errors for the middle rates : 


Eyes open, subj. D, speed increasing, 2.9 mm.; decreasing, 2.6 mm. 
F, 3.6 2.6 
P, 4.0 4.3 
Ppl, 6.2 6.6 


Eyes shut, D, 3-3 3.1 
of 6.2 9.2 
P!, 7.5 6.8 
Automatic, P, 5.9 6.4 
Sometimes increasing speed gives better results ; sometimes decreasing. 
We must couclude that the advantage of the increasing speed is no general 
law for all sorts of movements. 


A third instance of a movement where the initial adjust- 
ment is not a repetition of that which precedes is afforded by the 
experiment of making each line ruled on the kymograph the 
least possible amount longer or shorter than the line before. 
When that is the requirement each movement is adjusted to be 
different from the one preceding, not the same. This turns out 
to be at high speeds a much more difficult task than that of 
making equal movements. The ‘ momentum of uniformity’ 
enters here, not as an aid, but asa hindrance. When the speed 
becomes too great to allow of much current control (secondary 
adjustment) we cannot fall back on automatic uniformity, but 
must make the utmost efforts to vary the initial adjustment by 
as little as possible—which turns out to be a good deal. Con- 
sequently the error does not stop or retard its increase at an in- 
termediate rate. See the Table. 

1 Left hand. 
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TABLE XV. 





FIRST SERIES. SECOND SERIES. 
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_ | AV. 





2.4 , 2.5 
3-7 : 3.8 
5- . 6.0 
28 ; 7.0 
10.7 " 10.6 


9.3 . 11.3 
17.8 . 18.5 
13.1 . 16.6 


: 23.4 " 26.5 


Method of least possible increments. Lines ruled on the drum. The 
‘first series’ started witha very short line, and increased each time by as small 
an amount as possible until the limits of the paper were reached (150-200 
mm.) ; then the reverse process followed. In the ‘second series’ Io positive 
increments were followed by 10 negative increments, and so on back and forth. 





se he re 
DAP AO WIN Y 
CON™ HH HSIWH DN 
eS he he he 
AIS SOI MKY 
SCN@QUNaNTSI 
ne Ee | 
AIS AO WAY 
HAondshL nnn 




















On comparing the least possible posztzve increments with the 
least possible negative we find the negative generally the 
larger. This reminds us of Weber’s law. But the cause is 
probably to be sought, not in perception, but in adjustment. It 
is harder to adjust a movement to be just shorter than the pre- 


ceding one than to be just larger, even as it is easier to sing or 
play a crescendo than a decrescendo, easier to sing up the scale 
than down. 


The method of least possible increments of movement was employed by 
Fullerton and Cattell, who subjected it, and with it the method of least notice- 
able difference in general, to searching criticism, showing that there was no 
standard least noticeable difference for all persons nor for the same person at all 
times, and that in orderto be capable of any sort of precise application the 
method must be combined with that of average error or with that of right and 
wrong cases. These difficulties with the method appear very clearly in the 
original tracings of the experiments here discussed. Some subjects were 
satisfied with a standard difference which, by the inevitable variation of 
their attempts at it, gave quite a large percentage of errors. Other subjects 
insisted on a standard difference so large that practically no errors occurred. 
Evidently the just noticeable difference—or smallest possible increment—meant 
different things to different persons. Their results should not be compared 
without attention to the percentage of errors—without, in short, determining 
the distribution curve of the differences made. 

In the experiments recorded in Table XV., however, the standard difference 
was sufficiently large to reduce the percentage of errors very low, and the re- 
sults are fairly comparable. The purpose of introducing this other method was 
simply to get another variety of the demand for accuracy, in order to see 


whether the relation between accuracy and speed would still follow the same 
general law. 
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By all these instances of movements under conditions which 
prevent automatic uniformity, our ‘ second inference’ is pretty 
well established. In all such cases we see that the error, in- 
stead of remaining almost constant throughout the higher speeds, 
becomes rapidly greater. And the reason for this seems to be 
that the initial adjustment cannot benefit by the shortness of the 
interval, since the new adjustment is not a repetition of the old. 

All this discussion serves, therefore, to make more probable 
the conception with which we started. It seemed reasonable to 
suppose that the bad effect of speed consisted in reducing the 
completeness of the current control, and that the good effect of 
a short interval was felt primarily by the initial impulse. Facts, 
as far as we have found them, support this conception. Only, 
we have been induced to modify our rule that shortness of in- 
terval favors accuracy by recognizing the probable existence of 
an optimal interval, below which the accuracy of the initial ad- 


justment is rapidly lost. 
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We have all along been overlooking one possible bad effect 
of speed. We have urged that speed would interfere with the 
current control of a movement, but have quietly assumed that 
it would not interfere with the initial adjustment. Yet it is not 
hard to conceive that the initial adjustment might become more 
difficult as the speed increased. A slight error in the duration 
of a movement would mean a greater error in extent, when the 
velocity is greater. 

To offset this argument, we have both general reasoning 
and observation of our own results. ‘The general reasoning is 
founded on the fact established by Fullerton and Cattell, in 
their oft-cited monograph, that judgment of the time of a move- 
ment follows very closely Weber’s law.’ If one movement takes 
twice as much time as another, it will be subject to twice the 
variable error in point of time. But as its velocity will be only 
half as great (the extent being assumed to be practically the 
same), its error in extent will not be affected by the difference 
in its duration, or, what amounts to the same thing, by the 
difference in its velocity. If, therefore, Weber’s law holds for 
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1 Fullerton and Cattell, p. 108 
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the duration of a movement, it follows that the speed of a move- 
ment does not interfere with the accuracy of reproducing a 
movement—when, that is to say, the movements are made with 
eyes closed, and are judged as wholes, or depend for their ac- 
curacy on their initial adjustments. Doubling the speed does, 
indeed, double the error in extent that would be produced by a 
small error in the time of the movement; but as doubling the 
speed halves the time, it also halves the error of the time. And 
thus the two balance each other. 


Distance is equal to the product of the velocity and the time: s=z?. 
When, therefore, s is (practically) constant, as here, v and / are inversely pro- 
portional to each other. 


If we look at the question in the light of our experiments, we 
have two observations to make: 

(1) Introspectively, it is easierto adjust a fairly rapid move- 
ment than a very slow one. The fairly rapid movement is more 
of a unit, and can be adjusted all at once to a greater degree 
than the slow movement. 

(2) The tables give no sign of a bad influence of speed 
where the accuracy depends on the initial impulse—z. ¢., when 
the eyes are closed. Nor do the automatic curves show in- 
creasing irregularity at high speeds, as they ought if high speed 
conduced to variability in extent. These statements must not, 
indeed, be left too absolute. There are some signs that, at the 
highest speeds considered, these movements become less accu- 
rate or less uniform. These signs were interpreted to mean 
that the zmterval had passed its optimum. It is possible that the 
speed, too, was becoming so great as to be in itself a cause of 
inaccuracy in the initial adjustment. It is quite probable that 
when the speed passes the bounds of common use the initial 
adjustment becomes difficult. It is possible that there is an 
optimum speed from the standpoint of the initial adjustment. 
All we can claim with certainty from our own results is that the 
mere increase in speed, within the ordinary range, does not in- 
terfere within the initial adjustment; and that its great disad- 
vantage lies in its prevention of the later and finer adjustments. 
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Part IV. Accuracy AS DivipED BETWEEN THE INITIAL Ap- 
JUSTMENT AND THE CURRENT CONTROL. 


The phrases ‘ initial adjustment,’ ‘finer adjustments’ and 
‘current control’ have been bandied about so freely in the last few 
pages that the patient reader doubtless hopes they will soon be 
either given a rest or else made to give an account of them- 
selves. We shall do the latter first. 

If the reader desires a demonstration of the existence of the 
‘later adjustments’ which constitute the most evident part of 
the ‘current control,’ let him watch the movements made in 
bringing the point of his pencil to rest on a certain dot. He 
will notice that after the bulk of the movement has brought the 
pencil point near its goal, little extra movements are added, 
serving to bring the point to its mark with any required degree 
of accuracy. Probably the bulk of the movement is made by 
the arm as a whole, and the little additions by the fingers. If 
now the reader will decrease the time allowed for the whole 
movement, he will find it more difficult, and finally impossible, 
to make the little additions. Rapid movements have to be 
made as wholes. If similar movements are made with eyes 
closed, it is soon found that the little additions are of no value. 
They may bring us further from the goal as likely as nearer. 
We have no exact knowledge of where the goal is, and so can- 
not use our finer adjustments. 

Another demonstration can be had by drawing a free hand 
line joining two points. The line will record the changes in 
direction, and so give us an insight into the later adjustments 
as far as they are applied to the direction of the movement. 
Increasing the speed or shutting the eyes produces the same 
effects as before. There is, however, one new fact that ap- 
pears and gives us an insight into the character of the first ad- 
justment. If lines of considerable length, say a foot or two, 
are made at a rapid rate, the changes in direction will probably 
be found to be about the same in them all. They all start out 
at nearly the same angle from the true direction and make 
about the same sweeping curve around to the goal. This curve 
is not a simple arc, but bends back on itself. As this curve ap- 
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pears, moreover, when the eyes are closed, the changes in its 
direction cannot be due to later adjustments. The initial impulse 
takes the hand along a curve. We aim around a corner; not 
according to geometrical straight lines, but according to the 
make-up of our arm. From the geometrical point of view, the 
simplest movement that we can make—the movement as deter- 
mined solely by its first impulse, and not complicated with later 
adjustments—is still a complex affair. The initial adjustment 
is itself complex. It includes the innervation of different mus- 
cles one after another. The codrdination adapted to produce a 
straight line is probably more complex than that to produce cer- 
tain curves. The first impulse includes also a command to 
stop after a certain distance. These later effects of the first 
impulse are probably in some degree reflex. The proper con- 
tinuation of a movement which has been started seems, from 
pathological cases, to be dependent on the preservation of the 
arm’s sensibility. Yet the first impulse of a movement contains, 
in some way, the entire movement. The zutention certainly 
applies to the movement as a whole. And the reflex mechan- 
ism acts differently according to the difference in intention. 
We must suppose that the initial adjustment is an adjustment of 
the movement as a whole. 

A graphic demonstration of the later adjustments in the mat- 
ter of extent of movement is not so easy as in the matter of di- 
rection. But by means of a rapidly rotating kymograph it can 
be accomplished. By this means a curve of the speed of the 
movement—similar to the curve of muscular contraction—is ob- 
tained, and any little additions to the movement can be detected. 

As representing the standard curve of a movement governed 
entirely by its initial adjustment, we take the curve of ‘ auto- 
matic’ movements. Since no attention was paid to the extent 
of these movements, there is no call for later adjustments. 
With this standard we may compare the curves obtained when 
each movement was required to imitate the preceding, or to ter- 
minate ata given line. We may compare movements also at 
different speeds, and of the right and left hands. The com- 
parison will reveal the causes of the differences in accuracy be- 
tween these several movements. See Figs. 9 and 10 : 
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FIG. 9. 


Tracings on a rapid kymograph of different sorts of movements: a, auto- 
matic ; 6, eyes shut, left hand; c, eyes shut, right hand; d, eyes open, left 
hand ; ¢, eyes open, right hand. Rate, 20 movements per minute. The move- 
ments with eyes shut were required to be equal, each to the preceding. Those 
with eyes open were required to terminate on a line previously ruled on the 
paper. Selected records (not continuous). Reduced to 2 original size. 














The most striking difference between these tracings is that 
between the sharpness of their tops. At the slowest rate the 
automatic movement gives a sharper top than any other, and the 
studied movements with eyes open the bluntest. The order of 
sharpness is : automatic, left hand with eyes shut, right hand with 
eyes shut, left hand with eyes open, right hand with eyes open. 
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FIG. Io. 


Same as Fig. 9, but at rates of 40, 80,and 120. Letters have the same 
meanings as in Fig. 9. 
The blunt top is af expression of extreme slowness of move- 
ment at the close. To make up for this, the beginning and 
middle of the movement, and also the return to the starting- 
point, are considerably hastened. This slowness at the end is 
useful because it allows for the fine adjustments. Evidences of 
these can be seen in the curves. They are visible as irregulari- 
ties in direction or as marked differences from the run of the 
automatic movement. Some of the fine adjustments consist in 
little additions to the movement, carrying it beyond where it 
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would otherwise have gone; and others in a subtraction or 
inhibition of the movement, making it shorter than it would — 
otherwise have been. The latter seem to give the best results ; 
the former seem to be corrections of mistakes. The best type 
of later adjustment is that which brings the movement so 
smoothly to a stop that no sharp change in direction is possible. 
This type is the best, since it is clearly the least awkward. The 
whole movement runs smoothly to its desired end, without any 
break or correction. 

Turning now to the records of movements at more rapid 
rates, we see the differences between the different sorts gradu- 
ally disappear. At4o the differences are still present; the 
time allowed is still sufficient for nearly all the later adjustment 
that can be profitably used. At 80 only the right hand, eyes 
open, shows any perceptible broadening of the top ; at 120 
even this is almost gone. Above this the later adjustments are 
about #z/7, and all movements have to depend on their initial ad- 
justment. 

These tracings demonstrate the truth of our previous as- 
sumption that the loss of accuracy at high speeds was due to 
impossibility of later adjustments. Or, as it was expressed, the 
bad effect of speed ts exerted on the current control of the 
movement. A rapid movement does not allow time enough for 
the later adjustments. The later adjustments are reactions to 
stimuli set up by the movement, and a rapid movement does not 
allow for the reaction-time. That this is a sufficient explana- 
tion of the bad effect of speed, at least up to 120, is seen on 
comparing the degree of loss of accuracy with the degree of 
failure of the later adjustments. 

The tracings serve also to bring out clearly the differences 
between the hands. At the slowest rate, the left hand, as well 
as the right, has plenty of time for its later adjustments, and, 
therefore, it attains about equal accuracy with the right. The 
adjustments of the left hand are, however, more awkward. As 
the speed is increased the left hand loses its fine adjustments 
much more quickly than the right. We found before th. .t one 
point of inferiority of the left hand was that, though it could be 
accurate slowly, it could not combine accuracy with speed. 
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We may now be more explicit, and say that the left hand can 
make the fine later adjustments of a movement slowly, but not 
rapidly. Another point of inferiority that was noted was a 
less delicate tactile sense. ‘This also appears in the tracings. 
When the eyes are shut and the speed is low the right hand 
gives a less pointed top than the left. This means that the 
right hand did more in the way of later adjustment, undoubtedly 
because it had a keener sense of the normal length. 

The presence of later adjustments can be detected in many 
common movements, as, for instance, in singing. Ordinary 
singers do not always strike the note accurately at one jump, 
but must feel around a little after reaching the neighborhood, 
guiding themselves by the sense of pitch. Probably the ordi- 
nary run of violinists, and certainly the beginner, find their 
notes in this groping way. The path to skill lies in increasing 
the accuracy of the initial adjustment, so that the later groping 
need be only within narrow limits; and through increasing the 
speed of the groping process, so that finally there seems to be 
no groping at all. The later adjustments are combined with 
the bulk of the movement in that smooth and graceful way 
which we picked out from our tracings as the most perfect 
type. Whether the great virtuosos do away entirely with the 
later adjustments and achieve their wonderful accuracy by 
means of the first impulse, would be an interesting thing to find 
out. The speed and verve of their performances make it diffi- 
cult to suppose there is anything there of the nature of groping. 
Yet these artists have had to work up through the groping 
stage, and it is likely that some traces of the process by which 
they reached perfection should remain in the perfected result. 
The later adjustment is probably there, but it is made with per- 
fect smoothness, and has by long and efficient practice attained 
the sureness and the speed of a reflex. 

The question, how much of the accuracy of a movement is 
attained by the initial adjustment, and how much is left to the 
later adjustments, is difficult of accurate answer. We cannot 
take the accuracy attained with closed eyes as a measure, for 
there is some attempt even with eyes closed at later adjustments. 
And, besides, the accuracy of the initial impulse may increase 
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with the clearness of the normal. Our azm is better with eyes 
open than with eyes closed. A better measure would be the 
accuracy attained by use of the eyes at high speeds. Since 
the power of later adjustments is mostly lost at high speeds, the 
degree of accuracy remaining must be attributed to the initial 
impulse. But we have found the accuracy of the impulse to 
be greater at short intervals. So that if we were to take the 
total accuracy attained at high speeds (and short intervals) as 
equal to that portion of the accuracy at low speeds which is due 
to initial adjustment, we should be making the adjustment more 
accurate than it really is. It would seem proper, however, to 
take the accuracy attained at high speeds and long intervals as 
approximating to the desired measure. ‘The mere speed, it has 
been argued, does not interfere with the accuracy of the initial 
adjustment. What affects it is the interval. If then the inter- 
val remains the same, and only the speed is varied, the accu- 
racy of the initial adjustment will remain constant. And if at 
any speed we can assume the later adjustment to be z/, then 
the accuracy remaining will be that of the initial adjustment at 
that interval. If then we turn to Tables VII.—XI., and exam- 
ine the horizontal lines, we shall probably find approximately 
the measure we are seeking. We have to allow for some 
chance irregularities, and perhaps can do no better than to 
take the error at 200 as representing that of initial adjustment 
when uncorrected by later control. According to this measure 
we find the final error to be at low speeds very much less than 
the error of initial adjustment. The final error expressed as a 

per cent. of the error of initial adjustment is as follows: 

Speed 20. Speed 4o. Speed Ioo. 

Subject D 9 3 37 

ee 16 It 74 

os 9 — gt 


otkek 6 8 76 
2. FF 2 2 86 


From these numbers we infer that the initial impulse contri- 
butes but a small part of the accuracy of slow movements, but 
a good share of all the accuracy that remains at 100. 


It is quite possible that the nnmbers in the first two columns are too small. 
My reason for supposing so is that the initial adjustment, as measured by this 
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method, turns out to be sometimes less accurate than the automatic move- 
ments at the same rate. It seems proper to regard the latter as furnishing a 
zero of accuracy, and anything below this must be due to some disturbance. 
Perhaps the disturbance consists in the unusual combination of high speed and 
long interval. At the same time it is quite possible that the initial adjustment 
of careless movements is fully as accurate as that of careful, when each move- 
ment is a repetition of the one before. 


The error of initial adjustment can be more readily calcu- 
lated for the dzrectzon of movement. In the experiment, 
described above, of drawing a free-hand line to connect two 
points, we have a record of the direction in which it started 
as well as of the point to which it finally came. The direction 
in which it started is an indication how accurate the first aim 
was; it represents the initial adjustment. If we produce the 
line in the direction in which it started, we shall see where the 
first adjustment alone would have sent it. We can see how far 
it would have come from the goal, and compare that error of 
the original adjustment with the error finally made. We can 
also detect the successive corrections that were made, and see 


how much accuracy each added. The only difficulty with the ~ 


method is that not all the changes in direction are real attempts 
at correction. As stated above, the movement, at least when 
rapid, proceeds naturally by a curved path. Some of the 
changes in direction are, therefore, provided for in the initial 
adjustment. By practice we can distinguish pretty well be- 
tween such changes and those which record a correction. And 
this sort of confusion is comparatively absent in slow move- 
ments. 

I will give the results of one such test. The lines were 
about 50 cm. in length. They all started at a common center 
and radiated toward dots which served as goals. They were 
required to keep time with a metronome beating at a slow rate. 
When the metronome beat 20 times a minute the average error 
of the initial adjustment was 23.0 mm. and the final error 2.1 
mm. When the beat was 40 a minute the average error of 
initial adjustment was 38.8 mm., the final error 4.8. The final 
error was, at the slower rate, 9% of the initial, and at the faster 
rate 12%. We see here the error in initial impulse increasing 
as the interval is shortened, contrary to what we observed 
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above. But this need not disconcert us. The movements are 
here much longer, and not mere repetitions of each other; and 
the perception of the new target was difficult at short inter- 
vals. Hence, the optimal interval is longer than in the simpler 
movements. 

The general conclusion is then fairly clear. The accuracy 
of the original impulse is slight compared with that added by 
the later adjustments, when the speed is low and the eyes are 
used; otherwise, almost as great. In other words, in the 
situations which permit great accuracy that accuracy is due 
mostly not to the initial adjustment of the movement as a whole, 
but to the current control, consisting of finer adjustments. 
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ParT V. TEstT oF WEBER’s LAw. 


It would be impossible to go through a study of this kind 
without taking one’s turn, sooner or later, at Weber’s law. It is 
quite true that Weber’s law applies to sensation and not directly 
to movement. Yet the same formula might be used in speaking 
of movement. It might be conjectured that the error in making 


a movement was proportional to its length. We wish to test 
this conjecture. 

In order to test it, we must take account at every stage of 
the speed. This is not so essential when the eyes are closed, 
since then the accuracy is not much influenced by the speed; 
but it is absolutely necessary when the eyes are used. If time 
enough is allowed and the target is plainly seen, one movement 
can be made just as accurately as another. A movement of an 
inch cannot be terminated any more exactly than a movement 
of a foot or of a mile, provided we have all the time we need. 
In other words, later adjustments of equal minuteness and ac- 
curacy can be appended to the long movement. The move- 
ment is not adjusted as a whole, or not simply as a whole. 
The final adjustment is of very minute portions, whether the 
whole movement be long or short. The process is similar to 
the comparison of lengths by the eye. If we see the lengths 
separately, we are subject to a considerable error, which in- 
creases with the length; but if we are allowed to place them 
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to suit ourselves, we put them side by side, flush at one end, 
and then can detect any difference at the other end that is large 
enough to see at all with the optical apparatus at our command. 
By this method a small difference is detected with equal cer- 
tainty whatever the length of the lines compared. What we 
finally perceive is not the whole lines, but small parts of them. 
So it is in making movements, provided we are under no limita- 
tions as to speed. 

In order then to give Weber’s law a fair test in movements 
governed by the eye, it is at least necessary to limit the time of 
the movement. Even this, however, does not fully answer the 
purpose, since when equal times are allowed the bulk of the 
longer movement is made so much faster than the slower as to 
allow almost as much time as its close for fine adjustments. 
This is specially true when the time allowed is considerable. 
More rapid movements, not being able to make use of later ad- 
justments, are made as wholes, and afford a fair chance to test 
Weber’s law. Yet even here a difficulty arises. Should the 
movements of different length be allowed equal times, or should 
they be compelled to be of equal speed? The latter is imprac- 
ticable in any strict sense, since the speed of a movement is 
by no means uniform. And if the longer of two movements 
were given a proportionately long time, so as to insure equal 
mean velocities in the two, the result would inevitably be that 
the bulk of the long movement would be made so fast as to 
allow time for fine adjustments at its close, and thus the long 
movement would prove the more accurate. Our tables will 
show such cases. 

Nothing better seems practicable, therefore, than to give the 
long and the short-movements equal times, and see what they 
will do. The results appear in Tables XVI., XVII. and XVIII. 
In order to insure constancy of the normal, and also to avoid 
all uncertainty of perception and confine the errors to those of 
movement proper, the experiments were performed by the 
method of ruling up to lines previously drawn on the kymo- 
graph paper at right angles to the direction of the movements. 
These lines were at distances from the fixed starting-point of 5, 
10, I5 and 20 cm. respectively. 
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TABLE XVI. 





} N = 50 mm. 


N = 100 mm. 


N = 150 mm. 





MM. 


AV.E. C.E. |v 


AV.E| C.E. V.E. 


AV. B.| c.E. 





4o 0.1 |+o1 jor 
So |/0.5 «70.4 .70.5 . 
120 || 1.3 ./ 140.4. Z/1.3 « 
160 || 1.8.2 110.7 .3|1.7 « 


200 || 2.4 .2|-+1.2 .3/1.9. 


03 |+03 [03 

1.0 .J|+0.3 .7|1.0 «7 
2.9 .2+1.5 .42.8 .2 
3-9 3 $2.6 .63.2 3 
3-4 3 $1.8 53.3 3 








0.4 114+0.3 . 
1.5 0.5 4) & 
3-4 -2)+1.1 3/3. 
5-5 5 +2.1 .9 
4.6 J5'—1.8 .8 











TABLE XVII. 





N = 50 mm. 


N = 100 mm. 


N = 150 mm. 








|AV.E.| ¢..E 


| V.E. | AV-E. 


A E. 


Cc. E. V.&E. 





| oO j|o2 
1 +0.5 

. 140.4. 
1\+0.5 
.2—0.3 
.2,—0.9 


10.4. 


419. 
4/15. 





10.6. 


7o6. 








+o 
+o. 
+o. 
+o. 





.I 
2 

5.2 
1 JZ 
a 
3-03: 
2.8 


I 
3 
-7 
4 
9 
-7 
‘5 


4 
of} 
3\—I. 
4\—2. 
4—1. 


O.I 
10.3 


oO 


+0o.I 


21.0 .3) 


5-5 1.3/5.1 J 








-Z\+0.4 10.6 .2\0. 
1.6 .2]1. 


32.0 .5/2.9 «315. 
5 —5-3 63.9 414. 


314.2 

84.5 5 

: ° 94.5 5 
+I 61.7 1.34.5 7 





TABLE XVIII. 





N= 1oo mm. 


N = 150 mm, 





AV.E.| C.E. | Vv. E. 


AV. E. | cE. | Vv. &. 





fo2 
+08. 
.Z'+0.2. 
I +0.3 . 
+09. 
7 +0.6 .2/1. 
+08. 
1'\—0.3. 
J—1.3 .2)1. 


SANNA AAA 





0.6. 10.6 
0.5 .£)+0. 110.5 
1.2.7, 21.2. 
un . 41.6. 
AP 21.6. 
1.6. 21.6. 
2.3. F 2.3 
2.7 .2) JF 2.6. 
3.1 2 
2.5. 
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Test of Weber’s Law, ruling to seen lines. Right hand: 


XVI., 
XVIL., 
XVIIL., 


ie 
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subject D. 


P. 
W. 


Where no error of an average is given, the error is less than 0.05. 


Taken in the gross, these results show, indeed, an increase 
in error as the extent of movement increases, but by no means 


a proportional increase. 
almost always in one direction. 


The deviation. from Weber’s law is 
Out of 66 chances to test the 


law (each normal being compared with the normal next larger, 
at every speed ), 7 show a fairly exact agreement with the law, 
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14 show an increase in error too large for the law and 45 an 
increase too small for the law. Now we should, of course, ex- 
pect, in these comparatively short series (about 100 cases for 
each average), that there would be considerable deviations 
from the typical curve. But the deviations should be distrib- 
uted around the type as a center, lying about equally on each 
side. Here they preponderate so strongly in one direction as 
to afford evidence against the proposed law. The error in- 
creases with the extent, but not so rapidly as the extent. 

We had expected, however, that the error would increase too 
slowly at low speeds, and had agreed to use only the high 
speeds for a serious test. But when we confine our attention to 
the speeds above 120 we find the same showing. Out of 33 
tests 6 agree closely with Weber’s law, 6 show an increase too 
large for the law and 21 an increase too small. There is 
nothing, therefore, to indicate that the exact relation of Weber’s 
law holds, and much to show that it does not, but that the error 
of a movement increases more slowly than the extent. 

On testing the other formula which is in the field, that of 
Fullerton and Cattell, according to which the error should in- 
crease in proportion to the square root of the magnitude, we find 
that the observed increase is too great. Out of the 66 tests 11 
show a close agreement with the law, 10 show too slow an in- 
crease in error and 36 too rapid an increase. Out of the 33 
better tests 6 show a close agreement, 7 too slow an increase, 
and 20 too rapid an increase. The odds against this law are 
not quite so heavy as against Weber’s, but the probability is 
that the typical rate of increase lies between these two formula- 
tions. This applies, let it be remembered, to comparatively 
short movements céntrolled by sight, with no chance for error 
in the perception of the normal, and with equal times allowed 
for movements of different lengths. In movements with closed 
eyes, again, the actual increase of error has been found to be less 
rapid than Weber’s law requires. Fullerton and Cattell found 
their law to hold very well in that case. Most of the error was 
then error of perception, whereas that found in the present ex- 
periments is the error of movement. More precisely, it is the 
error of the initial adjustment so far as this is not corrected by 
later adjustments. 
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Tables XVI.—XVIII. show differences in the constant error 
at different lengths and speeds. The constant errors are for the 
most part small and uncertain, yet the general run of them is 
fairly uniform with all the subjects. The C. E. is positive at 
low speeds, but becomes negative at high speeds; and it tends 
to become negative sooner for a long movement than for a short. 
The cause of the negative C.E. is simply the difficulty of get- 
ting through with the whole movement when the interval is short. 

If the first of two movements is twice as long as the second, 
but the second is made twice while the first is made once, the 
total distance moved will be the same in both cases. And the 
average speed will be the same. Will the error be the same? 
On consulting the tables we find that the error is very far from 
the same. ‘There are many such pairs of movements in the 
tables—e. 2., 50 mm. at the rate of 80 per minute, with 100 
mm. at the rate of 40 per minute; or 100 mm. at 160 per min- 
ute, with 200 mm. at 80 per minute; also 100 mm. at 120 per 
minute, with 150 at80 per minute. On picking out such a pair 
we usually find that the longer movement shows the smaller 
average error. This is so in 37 out of the 45 such pairs in 
the tables. If two short movements are combined into a long 
one, which is allowed the time of these two, it will have less 
error than the two, and not only so, but less than either one. 
The cause of this can hardly be that the initial adjustment of 
the longer movement is better, for we have found that the 
initial adjustment is less accurate for long movements than for 
short, and less accurate at long intervals than at short. The 
real cause is doubtless that the longer movement, by reaching a 
much higher speed in the middle of its course, saves time for 
finer adjustments at the end. ‘The shorter movement has twice 
as many fine adjustments to make, and a smaller total time in 
which to make them. Hence its greater inaccuracy. 

When this experiment is repeated with eyes closed the oppo- 
site result is obtained. The more extensive movement at the 
longer interval shows the greater error. This is brought out by 
Table XIX., though in a different sort of movement. ‘The 
cause of the greater error is probably twofold. The percep- 
tion of the longer normal is less accurate, and.the adjustment 
is less accurate at the longer interval. 
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TABLE XIX. 
10 cm.,| 20 cm., 30cm., 40 cm., 50 cm., 
MM. 200 MM. ioo. MM. 66%. MM. 50. MM. 40. 
L. H, 
Eyes open. 3.0 3-5 3.0 2.7 2.5 
R, H. 
Eyes shut. II.2 9.3 16.5 16.4 20.6 




















An experiment much like the ‘ three target experiment,’ but only two tar- 
gets were used, and of these only one was carefully aimed at. The pencil point 
was carried between hits to near the other target, so as to give a movement of 
the required extent. As the interval is lengthened the extent of the movement 
is lengthened in equal ratio. The measurement of results proceeded as in the 
‘three target experiment.’ The errors given are variable errors of mean square. 
Error of each determination, 1-10 thereof. 


Part VI. Error oF PERCEPTION AND ERROR OF MOVE- 
MENT. 


Fullerton and Cattell have already been quoted as analyzing 
the gross error in the reproduction of a normal length into two 
factors, by the device of requiring the subject to judge the 
movement as well as make it. As it was found that he could to 
some extent detect errors in his own movements, the infer- 
ence was that part of the gross error was due to uncertainty of 
the hand and arm; but mathematical analysis led to the con- 
clusion that the error of pure movement was only half as large 
as the error of pure perception. ‘These results were gained in 
the case of movements made with closed eyes. 

A similar problem presents itself in the case of movements 
controlled by the eye; but the solution proceeds naturally by a 
different method, as follows: Three sets of experiments were 
made in the reproduction of a given length. In the first set the 
normal was presented by a straight line placed on the desk 
covering the drum, but several inches from the slot where the 
reproductions were made. WHere are present both an error 
in the perception of the normal and an error in the move- 
ment. In a second set the error of movement was excluded by 
having the subject lay off the distance deliberately on lines 
which had previously been ruled. In the third set the error in 
perception of the normal was excluded, or at least reduced 
nearly to zero, by placing the normal so close to the reproduc- 
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tion that no difficulty remained in seeing when the reproduction 
was long enough. This was accomplished by laying off the 
distance beforehand on the kymograph paper and denoting its 
end by a distinct line perpendicular to the direction of the move- 
ments. The movements were required to terminate at this 
line. Now the interesting question was whether these isolated 
errors of perception and of movement would add up properly 
and produce the combined error as found in the first set.. In 
order to tally, the constant error in the compound process should 
be equal to the algebraic sum of the constant errors of the com- 
ponent processes, while the variable error of the compound 
process should equal the square root of the sum of the squares 
of the variable errors of the component processes. The results 
for the variable error, as being the more reliable test, are given 


in Tables XX. and XXI. 
TABLE XX. 





NORMAL. 


33 mm. 


50 mm, 


96 mm. 


128 mm. 





50 


25 


25 | 50 


25 50° 





Error of Perception 

Error of Movement........ 
Theoretical comb’ d. Err. 
Observed comb’d. Err... 


1.2] 1.1 
0.5] 1.5 
1.3} 1.8 
1.6 | 2.9 














1.7 | 1.7 
0.8 | I.I 
I.9 | 2.0 


3-7 | 5-1 





1.3 | 1.3 
I.I | 1.0 
1.7 | 1.6 


3.6 | 2.5 




















TABLE XXI. 





NORMAL. 50 mm. 128 mm. 


80 |120] 40 80 | 120 











Error of Perception 312.3 | 2.3 13-7 | 3- . 7 .7| 6.7 


Error of Movement , .6 a 7% . ‘ -5| 2.7 
Combined, theoretical .4 | 2.4 | 3.0 | 3.7 | 3. . ; 8} 7.2 
Combined, observed -Q | 3-2 | 3.6 | 5.1 | 5. : ‘ 9] 5-5 





























Error of perception and error of movement. XX., subject W; XXI., 
subject P. The experiment is described in the body of the paper. 


It will be noticed that the combined errors, as observed, are 
generally greater than as calculated. (A table of constant 
errors would show the same.) This is very markedly and 
surely the fact with Subject W, less surely with Subject P, 
where there are, indeed, three striking exceptions.’ These ex- 


1The experiments were, of course, made without any inkling as to what 
the result would be. 
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ceptions are coincident with decidedly small observed errors in 
the compound process, and are probably to be explained by the 
fact that it was much easier, after making a few imitations of 
the seen normal, to cease to gauge the movement each time by 
the normal, and instead to repeat the last imitation. If the sub- 
ject should yield to this tendency—and the original tracings 
look as if this was here the case—the effect would be to increase 
the uniformity of the reproductions and diminish the variable 
error. 

On the whole, therefore, an unexplained residuum of error, 
or, we may say, of variability, appears in the combined process. 
Besides the error due to imperfect perception of the normal 
and the error due to the disobedience of the hand and arm, there 
must be some third source of error. What this source can be 
is at first thought mysterious; but we must remember that the 
total error is not, in complete strictness, composed of an error of 
perception and an error of movement. The total error inheres 
in the reflex arc as a whole, beginning with the sensation and 
reaching clear around to the movement. Inaccuracy doubtless 
creeps in at various points along this arc. In particular, there 
may be a lack of precision in connecting the perception with 
the motor mechanism. Such a source of inaccuracy might be 
introduced by lack of sufficient time to adjust the motor dis- 
charge to the perceived normal. There is undoubtedly an ad- 
justment time—a time required by the current to pass from the 
visual to the motor center and set the latter into proper activity. 
And it is quite probable that when the time allowed for this 
(‘initial’) adjustment is barely sufficient, the adjustment may 
be only partial. Such a lack of sufficient adjustment time was 
observed in certain experiments described above, as in the 
‘three-target experiments’ at high rates. (See pages 47 and 
61.) In that experiment, however, the new adjustment was in 
each case quite different from the last. The more alike an ad- 
justment is to that which immediately precedes it, the easier and 
surer it is, and probably the shorter is the adjustment time. 
We have found that in ruling a series of lines the time neces- 
sary for the best adjustment attainable (the ‘ optimal interval ’) 
18 quite short, shorter perhaps than one-third of a second. 
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This would make us doubt that the third source of error which 
we are now seeking can be a lack of sufficient time for adjust- 
ing the movement to the seen stimulus. Consequently, although 
this is the first source that naturally occurred to us, we shal] 
have to abandon it and seek further. 

A better suggestion is that the adjustment is disturbed by the 
inaccuracy of the perception. When the perception is easy and 
precise the adjustment will be precise, and introduce but little 
error beyond that of perception; but when the perception is 
inaccurate and indefinite the adjustment will itself introduce 
much variability. Now when we see a line in one place and 
reproduce it in another we have, to guide our movement, only 
a rather vague and indefinite sense of the normal length. We 
not only are subject to a considerable error in perceiving it, 
but feel little confidence in our estimate. It looks about so 
long. Within wide limits we should be very sure we were 
right, within narrow limits not at all sure. Hence, perception has 
no exact instructions for adjustment, and adjustment must act 
largely at random. We are somewhat at sea in the initial ad- 
justment. If we simply erred in our perception, but were sure 
we were right, we should adjust wrongly indeed, but still pre- 
cisely ; and little additional variability would creep in at the ad- 
justment. But since we have no exact idea of the size of the 
normal, since we do not know exactly what movement we want 
to make, our adjustment is indefinite, and introduces additional 
variability. 

And, besides this indefiniteness of the initial adjustment, 
there is a complete absence of the later and finer adjustments, 
which we have called, collectively, the current control of the 
movement. In order to make use of later adjustments we need 
a keen perception of the length of the normal. If we feel cer- 
tain of our perception to within a centimeter only, we naturally 
shall not make fine adjustments a millimeter in length. Thus 
indefiniteness of perception interferes with both the initial ad- 
justment and the current control. 

Another instance of indefinite perception, leading to inaccu- 
racy of adjustment, is found in the movements made with the eyes 
shut. On comparing the accuracy attained by the tactile sense 
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with that attained by sight when the normal is a few inches 
away from its imitation, we find the visual perception no longer 
so superior to the tactile. Counting out constant errors, and 
using only the variable errors, we have the following compar- 


isons : 
Subject P,atrate 40, eyes open, 4.6; shut, 6.0. 
sé fe 66 ké 80, be sé 6.9; ‘6 6.2. 
sé 46 ‘é sé 120, sé sé 5-53 té 7.2. 
‘¢ W, at rates 20-25, “* * pe 8 Be 
66 se 66 ‘6 50, 6“ 6 2.53 66 3.8. 


The advantage of sight is largely lost when the imitation is 
no longer placed close alongside of the normal. 

This discussion may be summarized as follows: besides the 
inaccuracy of perception and the inaccuracy due to failure of 
the movement to obey our intention, there is an inaccuracy in 
the intention itself, or in the process of adjusting the movement 
to the perception. The error due to this source is slight when 
the perception is accurate, but considerable when the perception 
is vague and uncertain, since then the force of the motor dis- 
charge is selected partly at random. 


Part VII. Sensory BAsis ror CONTROL OF MOVEMENT. 


Having considered the more strictly motor elements (speed, 
extent) in the process of making an accurate movement, and to 
some degree also the central elements (adjustment), we may next 
devote some attention to the sensory part of the process. Our 
question will be as to what sensations are relied on for govern- 
ing the extent of amovement. We shall have two cases to con- 
sider: that in which the eyes are used, and that in which the 
eyes are not used. In the first case our problem is whether the 
eyes alone are relied upon for information of the normal length, 
or whether the muscle and joint sensations are also relied onto a 
certain extent. In the second case our problem will be to dis- 
cover whether the extent of a movement made without the aid 
of the eyes is judged in terms of its force, or its time, or its ter- 
minal position, or its association with visual space, or finally in 
terms of sensations of motion proper. 
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As a preliminary to the first problem, we may note that any 
sense whatever may conceivably serve as the sensory basis for 
controlling the extent of a movement. Those which actually 
do so serve are the ‘ muscular,’ tactile, visual and auditory sen- 
sations, and probably also in some cases the sense of smell. 
Of these the visual and auditory give the most accurate infor- 
mation, largely because the breadth of their sensational fields 
makes possible a superposition of two sensations (that of the 
normal and that of the imitation), and so a more exact compari- 
son than can be made where memory has to be relied on for one 
sensation. Wecan see the target whz/e we hit at it, we can hear 
the pitch whz/e we attempt to strike it. But we cannot /ee/a 
certain length or direction of movement while we attempt to re- 
produce it. Hence, as shown above, we do not refine upon our 
first adjustment by secondary adjustments. But, as we have 
found, these secondary adjustments are hardly possible anyway 
save at a low speed, so that at high speeds the muscle sense gives 
as good results as the eye. The reliance of the muscle sense on 
memory brings about a second source of inaccuracy when we 
attempt a long series of reproductions of the same normal. 
The constant errors accumulate, and chance errors are uncor- 
rected, so that the later attempts may be very far wrong. 

These peculiarities of the muscle sense control may be 
readily tested by writting with the eyes closed. It will be found 
(1) that, at the ordinary speed of writing, a single letter ora 
short word can be formed as well with the eyes closed as with 
them open; (2) that, however, when the speed is low enough to 
permit of fine secondary adjustments, the eyes assist greatly in 
forming the letters just right; (3) that extreme slowness is a dis- 
advantage rather than an advantage when the eyes are not used ; 
and (4) that if several words are written with the eyes closed, the 
alignment is lost or some other constant error makes itself evi- 
dent. 

In speaking of the visual or auditory sensations as control- 
ling a movement, we seem to be getting into a mystical difficulty. 
How can any sensations govern a movement, save the sensa- 
tions that come from the moving member itself? My answer 
to this objection is that the visual or auditory sensations which 
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we get from the movement of a member are as really entitled 
to be called sensations of the moving member as are the tactile 
and joint sensations. ‘The mere fact that the organ of sense is 
not located in the moving member makes no real difference, ex- 
cept, probably, in the universality and firmness of the associa- 
tion between the movement and the sensation. The connection 
of joint sensations with the movements which produce them is, 
for consciousness, or for the central regulatory apparatus, no 
absolutely @ przorz connection, but a matter of association. 
When we make a certain movement we experience certain 
muscle and joint sensations, and these become firmly associated 
with the movement. But we may also experience certain visual 
or auditory sensations, and these, if as regularly present, may 
become as firmly associated as are the others. Both are entitled 
to be called sensations of the movement. The most universal 
and effective association of this kind is without doubt that be- 
tween the movements of the vocal organs and the resulting 
sounds. 

In this way, by association, the control of a movement may 
come to depend on sensations of any sort. The accuracy of the 
movement is limited only by (1) the degree of fineness of the 
sensations used; (2) the degree of firmness of the association 
between the sensation and the movement; (3) the degree of 
steadiness of the member used and, as always, (4) by the de- 
gree of deliberateness which is permitted. If we increase the 
fineness of the visual perception by means of a magnifying 
glass, we shall be able to adjust our movements more minutely 
than with the naked eye. But we shall need practice, in order 
to overcome the old association between a certain visual space 
and a certain extenf of hand movement. We shall need, up to 
a certain limit, more time for each movement. And the fine- 
ness of our adjustments will be finally limited by an unavoida- 
ble trembling of the hand. 

If, therefore, any sense may control a movement, we have 
to ask what the result will be when two senses are each in a po- 
sition to do the work, one, however, being finer than the other. 
Will the movement obey two masters, or will it cleave to one 
and despise the other ? The answer to which my experiments 
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point is that in obeying the more accurate sense it entirely dis- 
regards the other. 

The question was first suggested to me in the following con- 
nection. When a series of lines is ruled on the kymograph, 
each required to start at a fixed block and to end flush with the 
preceding line, it sometimes happens that a line does not begin 
far enough back. Accordingly if it ends where it should, it 
will be shorter than the preceding line. A friend called my 
attention to this as a possible source of error, arguing that when 
the eye said to the movement, ‘ Farenough!’ the muscle sense 
would say, ‘ Not long enough yet!’ and the movement made, 
being a resultant of these two influences, would be longer than 
it should be. On examining a large number of such instances, 
however, it was found that there was no tendency for a line 
which began short to be prolonged at the end. ‘Two such in- 
stances appear in Fig. 1. The inference seemed to be that 
the movement entirely disregarded the muscle sense and relied 
solely on the eye. 

This inference is confirmed by a study of the constant errors 
made when the eyes are used as compared with those made 
when the dependence is on the muscle sense. If a large constant 
error appears in the use of the muscle sense, some traces of this 
would be expected to remain when the eyes were used—that is, 
if the muscle sense still had anything to say about the extent of 
the movement. But in various experiments which serve to test 
this point the constant error is found to be quite regularly in the 
opposite direction. If we suppose then that the muscle sense is 
still attended to when the eyes are used, we have to assume the 
presence of a large constant error due to the use of the eye, a 
constant error of opposite sign to that of the muscle sense. But 
no such constant error appears when the distances are laid off 
deliberately, in what is evidently entire dependence on the eyes. 
We must conclude, therefore, that the muscle sense is not at- 
tended to at all in these cases. 

For instance, in ruling on the drum lines which were required to begin at 
the same point as the last (not determined by a block) and to have the same 
length as the last, the constant errors of both beginning and length were found 
to lie in opposite directions according as the eyes were used or not. Again, in 


ruling lines to imitate a constant seen normal, the constant error was found to be 
contrary in the two cases. 
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A negative result in such tests often appears, but does not 
disprove our view, for it may happen that sight does give a small 
constant error, and this may be in the same direction as that of 
the musclesense. But the large number of positive instances are 
just so many proofs of situations in which the muscular sense is 
not relied on when sight is used. Introspectively, we feel after 
making a series of movements with eyes closed that opening 
them frees us, at one stroke, from all the uncertainty and error 
of the muscle sense. The basis of control seems entirely dif- 
ferent. 


There are, indeed, certain constant errors due not to the muscular percep- 
tion of a movement, but to peculiarities of the movement itself, which, though 
reduced, are not entirely removed by the use of the eyes. Such errors may be 
the result of the speed of the movement, or—as in the ‘ three target experiment’ 
—of the anatomical peculiarities of the moving member. But these errors are 
distinctly not errors of perception. 


When therefore two senses are available for the control of 
a movement, the more accurate will be obeyed and the other 
simply ignored—provided accuracy of the movement is desired. 
If, however, the muscle sense gives as much accuracy as is de- 
sired for the purpose in hand, then it is the more accurate sense 
that is disregarded, or used only for avoiding the accumulation 
of constant errors. ‘This is true in writing, and often in playing 
the piano. In writing we never look at the movements of our 
fingers, but only at those of the pen-point. In fact, we do not 
really look at the pen-point, but rather at the letters that have 
just been written. As already stated, a single letter can be 
rapidly written as well without as with the eyes. As, therefore, 
a careful following of the pen-point with the eye would serve no 
purpose, that painstaking operation is eliminated. If the reader 
will attempt to look closely at the point of his pen as he writes, 
he will be immediately aware that this is not what he ordinarily 
does, but a much more difficult and fatiguing process. We 
by no means follow the / or the y up or down to its end. Watch 
the eyes of a person who is writing, and you will see that they 
move very little. What we use the eyes for is to keep track in 
general of where we are, so as to preserve the alignment and 
spacing, so as to keep an equality in the letters, and so as to 
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avoid losing our way when in the midst of a word and so mis- 
spelling it. In forming the letters, therefore, we come to de- 
pend mostly on the muscular and tactile sensibility. 

In urging that the muscle (tactile, etc.) sense is disre- 
garded when the eyes are depended on, I do not mean to say 
that it is disregarded except as concerns the extent of the 
movement. The coédrdination of the muscles is something 
about which the eye tells us nothing, and for the control of the 
movement in that respect we are undoubtedly dependent on the 
sensations from the moving member. When these sensations, 
or at least those from the skin, are removed by numbness, we 
are unable to write or sew, or button and unbutton, or play the 
piano. We cannot supply the lack of skin sensations by the 
eye, simply because we never have looked at the movements of 
our fingers, etc., but always at the result we were accomplishing. 
Consequently, we have no association between the visual sensa- 
tion of the moving fingers and the proper impulse to set the 
muscles into codrdinated action. 

The truth of the whole matter seems, therefore, to be that 
the general and codrdinating control is vested in what James 
calls the resident sensations, but that the closer control which 
is needed in hitting a target or making one line equal to an- 
other is left entirely to the eye when that is used. 


But suppose the eye is not used, so that the judgment of the 
extent of a movement must be based entirely on the resident 
sensations. The question arises, What, exactly, are the resi- 
dent sensations used? . Do we sense the amount of motion 
directly, or do we infer it from some other sensation? Do we 
judge the movement in itself, or by the time or the force ex- 
erted, or by the position from which it starts and that at which 
itends? Do we, when our eyes are shut, make one movement 
equal to another by making it equal in time or in force, or by 
making it coincident in position, or after all by simply making 
it equal in extent? Before examining each of these possibili- 
ties in turn, I shall illustrate by experimental results the follow- 
ing general statement : 

The extent of movement is not judged exclusively in terms 
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either of the time occupied or of the force employed, or of the 
limiting positions, since any or all of these may be different in 
the normal line and the reproduction. But every such change 
in the conditions between the normal and the reproduction, 
though it does not entirely destroy the approximate equality of 
the movements, does diminish the subjective confidence in their 
equality, and is almost certain to introduce a constant error, 
and so impair the accuracy of the reproduction. 

The constant error introduced by changing any one element, 
such as force, time, or position, need not be in the direction of 
compensating for that change, and is never of sufficient size to 
compensate. 

The movement may be changed in ali sorts of ways—in po- 
sition, direction, time, speed, force and even in the member 
that makes it—without an entire loss of the power of gauging one 
movement by the other. The method used is open to one ob- 
jection, that the subject was aware of the change in conditions, 
and so could make allowances. I see no way of changing the 
conditions without the knowledge of the subject, unless indeed 
itis done very gradually. This the subject will often himself 
accomplish, if required to make a long series of free reproduc- ay | 
tions. He will gradually alter the speed or the force used, or id 
the position. I have attempted to measure such results only | 
when the change was in position. In thecases of changes in 7 
force and time there was another way out of the difficulty. be 

The following list gives the accuracy found for different | 
modes of reproducing a given extent of movement. The accu- 
racy is indicated (inversely) by the average error, expressed as 
a fraction (per cent.) of the normal length: 
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1. Eyes open, right hand, ruling lines on kymograph, slowly..... 0.6 


2, Same, rapidly.........sceceeeseess oer cccccccsscecees se ccees 2.9 
3- Same with the left hand, slowly............seseeeeeeees eovces 0.6 
4 TRING, THEE. vc cc vince cosccccccctonss no sidememedaa ésobeens 6.5 


The remainder are without the use of the eyes, and, unless 
otherwise noted, with the right hand. 
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5. Ruling on kymograph.....ccsccccscceccecess eoccccece cccccee 206 | 
6. Miinsterberg’s apparatuS........eccececccccccccees covcccccces Beh Ad 
7- Free hand, on paper placed on a table........... ccccccccccsces 4 
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8. Free hand,.with crayon on blackboard............ 
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. Left hand, ruling on kymograph.,.....cecccecccesccscccvessees 4 


10. Left hand, free hand on paper...... icneeis ceccccsccccecccescce§ § 
11. Foot, ruling on kymograph........++..+. eeeececercccsccerees 7 
12. Free hand on blackboard, reproduction further to the right than 

the normal (C, E. +-)...... cece scccccccecces se esecvccces coe 14 
13. Free hand on paper, one movement from left to right, the other 

from right to left (C. E., left to right+-)...... .........0.. II 
14. Free hand on paper, one movement from left to right, the other 

toward the body (C. E., left to right +)...........eee0 0. 10 
15. Free hand on blackboard, horizontal vs. vertical (C. E., different 

at different lengths of movement) ...........ceccecececces 13 
16. Free hand on paper, finger motion vs. fullarm.............46. 10 
17. Free hand on blackboard, wrist vs. forearm. .........eeeeeeeees 8 
18. Free hand on blackboard, behind the back, vertical vs. horizon- 

tal (C. E., horizontal +- )....ccccccccccccccccccccscccccccccs 14 


19. Bending the knees, the distances being registered on a black- 
board behind the back by means of a crayon held by the fin- 


gers rigidly against the back of the head. .............. scove 8 
20. Bending both knees vs. standing on one leg and bending its knee 
(C. E., both knees + ).......... Coosa cccccaccseosece: oeses 9 


21. Bending the knees vs. rising on toes (C. E., rising on toes+-).. 17 
22. Bending the knees vs. swaying the body from side to side (C. E., 


SWHPIME =A ) ocde cecedercccecccocseeescceccceseasacescesene 29 
23. Free hand on paper, normal with eyes open, reproduction with 
Shut (C. B., 4). ccccccccccccscccsccsccccccecsscccoccessces 10 


24. Ruling on drum, rapid movement vs. slow (C. E., rapid+).... 9 
25. (Cf. 16) Free hand on paper; rapid movement of finger vs. slow 
movement of full arm (C. E., arm +).........ececeees ietee 
26. Same as No. 14, but movement from left to right rapid, move- 
ment toward the body slow (C. E., left to right +)......... 12 
27. Free hand on blackboard, heavy line vs, light line (C. E., light 
ne) 2.200. sec Keb Céad cdot nanedebines whentinans nee 9 
28. Free hand on blackboard, full vs. dotted line (C.E., full line +) 6 
29. Free hand on blackboard, full line vs. placing a dot at each end 


(C. E., full line+-)........ peevececcese seesves Seeccesseseve 6 
30. (Cf. 6) Miinsterberg’s apparatus, normal passive, reproduction 

active (C. E., +) wccccccccee doeceteesecodceeteees cevvcees 2.8 
31. Same, but normal active, reproduction passive (C. E.,-+-)...... 4.1 
32. Free hand movements of both hands, symmetrical and simulta- 

neous (C. E., right hand+)....... eveccccoes TT TTT TT Tete 16 


33- Same, but successive instead of simultaneous (C. E., not clear).. 11 
34. Movement of hand imitated by movement of foot (C. E., 
foot +) eeneeeeeeeeeeeeeeee eeeeeeveeeeer eeeeeeeeveeeeee eseese#e 24 


In connection with No. 12, the results of a more complete experiment may 
be given. The subject stood before a blackboard, with his eyes closed, and, be- 
ginning to his left, drew a series of lines from left to right, one beyond another 
about as far as he couldreach. Short spaces were left between the lines. The 
lines were required to be equal, and of such length that four or five could be got on 
the board. The average lengths in millimeters obtained for the two subjects 
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were, beginning at the left, as follows (the numbers in italics giving, as before, 
the limits of the reliability of the average) : 
I 2 3 4 5 

Subject Dx. 163 +5 190+ 5 203 +5 196+ 4 184+¢ 

Subject W. 156+¢4 W7+4 774 167 +4 

It will be noticed that the longest lines are those at mid-arm. As this is also 
the portion of the arm’s swing that feels freest and easiest, the latter fact is very 
probably the cause of the former. This resultis onlyin partial accord with that 
of Loeb, and with his formula that of two movements, designedly equal, and 
made by contraction of the same muscle, that will be the longer at the beginning 
of which the muscle is in the less contracted condition. But I do not find that 
Loeb’s experiments covered the cases where the initial condition of the muscle 
was one of almost complete absence of contraction. Makea series of move- 
ments in extension of the elbow, starting from the position of extreme flexion, 
or a series of movements in flexion, starting from extreme extension, and the 
result is that the first movements are not so long as the second and third. 
Here, for instance, are the results of a series of pairsof lines (flexions) on the 
blackboard, the first line being started from the extreme extension of the arm, 
and the second following after toward the median plane: 


PMO BBGiccccncsccocecsces o0eeee805 +6 
BOS TBD cccccscccccosccecs 0025045 


The freest and easiest, and consequently the longest, movements are the 
same as the most frequently used, namely those made midway between the ex- 
tremes of extension and flexion. 

The reason why the easier movement is underestimated is undoubtedly, as 
Delabarre held, that it feeds easier, #. e., because less sensation is produced by it. 

Returning now to the comparative list of accuracies, I have 
freely to admit that I do not consider the exact values of most 
of the determinations to be well established. Most of them— 
allin which no decimals are given—were obtained from short 
series. They represent accordingly the accuracy attained in 
the various movements without preliminary practice. Although 
some of these results have been tested and confirmed in a gen- 
eral way on other subjects, the values given here were all ob- 
tained on myself.- Singly, therefore, they are perhaps sug- 
gestive, but not demonstrative. Collectively, however, they 
seem sufficient to substantiate a few general statements : 

Any difference in the way the two movements are made re- 
duces the accuracy of reproduction. 

If there are differences in two respects, the accuracy is still 
more reduced. Cf. Nos. 16, 24 and 25; Nos. 14 and 26. 

The greater the difference, the less is the accuracy. Cf. 
Nos. 20, 21 and 22; Nos. 33 and 34. 
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The more unusual the movements, the less the accuracy, 
Cf. Nos. 5, 9, 11 and 20. 

Notwithstanding all these sources of inaccuracy, the greatest 
average error obtained is less than one-third of the normal. 
Hence we cannot say that the ability to gauge one movement 
by another is destroyed by any of these changes in the manner 
of making the movement, but only that it is zmPazred. 

Since a change in speed is a change in both time and force, 
we have in this list some instances in which all three of the pro- 
posed bases for the judgment of extent of movement, viz., 
force, time and position, are simultaneously changed, and yet 
the judgment is not entirely at sea. This must mean that the 
judgment has some basis other than the three proposed. There 
is, to be sure, the chance that allowance may have been made 
for these changes. But in order to make such an allowance in 
force, for instance, we must have something to rely on besides 
force alone. In order to make simultaneous allowances for 
force, time and position, we must have some fourth element to 
use. When we cannot gauge the movement by its force, or by 
its time, or by the sensations of its position, we must have some 
other basis. Otherwise we should either make a constant error 
just sufficient to compensate for the change in one of the ele- 
ments, or we should be entirely at sea and have no control 
whatever over the movement. 

Considerations like these drive us to the conclusion that 
there must be a sense of the extent of movement, a sense which 
ts not reducible to a sense either of tts force or of tts duration, 
or of tts initial and terminal positions. ‘This sense of its extent 
is the real basis on which the control is based. ‘The others may 
be used in certain situations to help out. This conclusion will 
be strengthened by an examination of each of the other pro- 
posed bases separately. 

In regard to force and time, the neatest proof that neither of 
them is the basis for judging the extent of movement has al- 
ready been furnished by the work of Fullerton and Cattell, 
although I do not know that their results have ever been used 
for this purpose. The results to which I refer are briefly sum- 
med up on page 158 of their paper, in the following words: 
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«‘ Within the limits investigated the extent of movements can be 
judged better than the force, and the force better than the 
time.” Now if the judgment of extent is better than that of 
either force or time, it certainly does not depend upon them. 

In the same way, the result obtained by the same authors, 
that a movement can be judged with more accuracy than it can 
be made, disposes of another hypothesis that has been put for- 
ward, namely, that the movement is judged entirely in terms of 
its intention or innervation. If we judged movements entirely 
by the innervation, we should never know we had made a false 
move. 

This demonstration is surely sufficient as against the views 
that the extent of our movements is judged by their force, time 
or innervation. What I have to add from my own results will 
be much less neat. But it may be worth while to let the evi- 
dence accumulate. 

A good piece of evidence is afforded by the experiment 
recorded in No. 29 of the list above. Standing with eyes closed 
before a blackboard, the subject drew a line with a crayon, 
and then attempted to put a dot at each end. The error was 
comparatively small, being 6 per cent., as against 5 per cent. 
when both lines were drawn alike ( No. 8). 

It is easy to see that in this case the second movement is so 
completely unlike the first in time and in force, is made in so 
different a way, that its length could not have been gauged by 
the force or by the time of the preceding movement. A 
force- or time-compensating mechanism would certainly have 
been thrown out of gear. That the judgment might here have 
been based on sensations of the terminal fosztions would seem 
much more probable. But this was not the truth, or at any 
rate the whole truth, for the errors made at the two ends 
tended on the whole to compensate for each other. When the 
first dot was too far to the left the second was generally too 
far to the left also. From this it is clear that the extent of the 
second movement was gauged by the extent of the first. The 
accuracy of extent is in fact superior to that of position. 


The fact that a rapid movement tends to exceed a slow—a result noted long 
ago by Camerer,! and exemplified above in Nos. 24 and 26—shows that the force 


1 Quoted by Vierordt, der Zeitsinn, 1868, p. 148. 
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of the movement does not serve as the basis for judging its extent. As the fas- 
ter movement has the greater vés viva, it should, in compensation, have the 
smaller extent. | 

Similarly, the movements of the larger members, though possessing a 
greater vis viva, tend to be longer than the movements of the smaller members. 
See No. 34. 

But perhaps no one would claim that we had a means of perceiving the true 
physical energy of our moving members, and judged the extent by that means. 
As far as actual feeling goes, the crooking of a finger or the rolling of the eye- 
balls is a more forceful act than the swinging of a leg. We perceive, of course, 
only the sezsations of resistance or tension that come from the moving member, 
But it is further true that we are able to distinguish between the sensations that 
indicate resistance and those that indicate movement. Lifting a small weight a 
long distance is introspectively a very different thing from lifting a heavy 
weight a short distance. And moving a small weight rapidly is very different 
from moving a heavy weight slowly. It is very clear that our perceptions of the 
extent and of the force of a movement are quite distinct. 

Now as regards the time of the movement. Although the constant error 
when one movement is faster than the other is in the direction of compensation, 
yet it is not sufficient to compensate. 

Again, try the experiment of making a series of lines with eyes shut, every 
second one to be half as long as the others. As may be easily observed, and as 
Binet and Courtier! have scientifically established, the shorter the movement 
the slower it is made, and that without and even contrary to our intention. In 
fact, in making a series of movements such as I have described, we almost 
surely fall into the way of making them all of equal time, and that without ob- 
serving the fact. Now, it is quite true that the shorter lines are ant to be greater 
than one-half. But it is distinctly not true that, made in equal times, they are 
equal to the whole lines. They are nearer halves than wholes. We must gauge 
them, therefore, in terms of something else than time. 

When we consider such experiments as the last, it seems a waste of time to 
discuss the matter at all. Of course, we can distinguish between the time of a 
movement and its extent. If we judged by time alone, the difference between 
long and short movements would have no spatial value for us: unless, perhaps, 
in visual terms. But it is certain that we perceive a spatial difference between 
long and short movements without the use of visual elements. Again, if we 
judged the extent by the time alone, we should know no difference between fast 
and slow movements—unless, perhaps, in terns of force. But it is clear that we 
distinguish between speed and resistance. The perception of the time of a 
movement, is, if anything, more derivative than that of its extent. 


We have now the further question whether the extent of the 
movement be not judged in terms of sensations of position. Is 
not one movement made equal to another by making the sensa- 
tions of its beginning and of its ending like those of that other: 
Something has already been said in answer to this question. 


‘Sur la vitesse des mouvements graphiques; Revue Phil., 1893, XXXV-; 
664-671. 
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It has been said that the judgment of position is influenced by 
the extent of the movement leading to that position, and that in 
one situation at least reproduction of a length is more accurate 
than that of position. Other sorts of experiment have shown 
the same thing. 


With eyes shut, draw a triangle, and without lifting the pencil or opening 
the eyes continue around the same triangle a second time, aiming to hit the 
same corners. The result will probably be that the corners will be 
missed, but that the lengths of the sides will not be much disturbed thereby. 
Measurements of several scores of such triangles have shown that on the whole 
the errors in the positions of the corners are greater than those in the lengths of 
the sides. The judgment of the length of a movement is thus shown to be inde- 
pendent of the judgment of position, and to some extent better than it. 

Once more, let it be required to make a movement of a constant length in a 
constant position. Repeat this for twenty times, with the eyes closed. It will 
very likely be found that the line has strayed from its position, but has retained 
very nearly its original length. If this change in position were conscious, we 
might suppose that allowance were somehow made for it. But, as it is uncon- 
scious, we must conclude that the length of the line is gauged, to some extent at 
least, independently of the sensations of position. If the judgment were 
wholly in terms of position, then there ought to be no tendency, when the be- 
ginning of a line deviated from the normal ina certain direction, for the end to 
deviate in the same direction. There should be no feeling of sufficient or in- 
sufficient length, but only of a right or wrong point of ending. 

If the perception of the extent of a movement meant simply the perception 
of the limiting positions, it is hard to see what basis there would be for making 
one line half or double as long as another. There would certainly need to be a 
complete system of positions, so interrelated in our consciousness (or subcon- 
sciousness) that between any two there was a certain third, which by long 
association, was known to be half way between. There are two objections to 
such a supposition. First, in view of the infrequency of the act of drawing one 
line half as great as another, such a mass of association is more than improb- 
able. Second, there is no ove intermediate position which is recognized ‘as the 
true ending for the half line. We do not grope around to finda position which 
feels just right. We do not feel specially confident when we finish our attempt. 
The feeling is not at all that of finding a familiar or a suitable spo/, but like 
that of judging a magnitude. We try, not to hit acertain terminus, but to 
make a certain (approximate) quantity of motion. 

A sensation of position is indeed, when well considered, a more complex 
affair than a sensation of extent of movement. In order to perceive a position 
exactly, we need to attend to a large number of sensations from various parts 
of the member in question. The sensations of a movement may come princi- 
pally from a single joint. However this may be, it is certain that the sense of 
position is very inaccurate unless fortified by the sense of movement. Unless, 
that is to say, the position is arrived at in the different attempts dy the same 
route, it will be very imperfectly found. To test this statement, choose a mark 
on the table, place the forefinger at some other point, and using the eyes bring 
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it to the mark. Close the eyes, and repeat the movement. It will be found 
that the mark can be hit with a fair degree of accuracy, provided the start is 
made from the same point. But take the finger from the mark, and, carrying 
it around in a circle, attempt to hit the mark again. The error will probably 
be considerably greater, at least till the hand has learned to approach the mark 


in the right way. 

One further experiment, perhaps more conclusive than the 
others, may serve to close this discussion. It shows that the 
sense of the length of a small movement is much more accurate 
than the sense of position. It starts with the query: If the ex- 
tent of a line is gauged wholly by its terminal position, why 
should not a long line be reproduced with as much accuracy as 
a short line? ‘There seems no reason why the sensation of the 
terminal position should be less acute. The only doubt that 
arises is whether the length of the line may not be a cause of 
forgetfulness of the terminal sensation. Now if that were the 
true explanation, an alternation of long and short lines, the long 
ones designed to be equal among themselves and the short ones 
equal among themselves, should affect both sorts with an equal 
degree of forgetfulness of their terminal positions, and so make 
the absolute error the same in both long and short lines. But 
the result of the experiment is not so. In one such series, in 
which the longer lines were three times the length of the shorter, 
the average error of the longer lines was about twice that of the 
shorter lines. Another form of the same test is to make a series 
of equal short lines, swinging the arm to the side between each 
two. On thus swinging the arm the average error in posi- 
tion amounted to 18.5 mm., that of length (in lines 45-65 mm. 
long) to only 5.4 mm. But if the length of these lines was de- 
termined by the sense of position, the disturbance of the latter 
should have caused an equal disturbance of the former. 

There is indeed one further set of evidence against the view 
that judgment of extent is only judgment of position, and that 
is the fact that movements of pretty fair approximation to equality 
can be made in different positions. This immediately suggests, 
however, another possibility that has not as yet been suffi- 
ciently considered. May not sensations of position be so closely 
associated with points in visual space that certain pairs of ter- 
minal positions shall be recognized as marking the ends of equal 
spaces? 
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At first I seemed to find pretty good evidence in favor of this hypothesis. 
If it were true, then the visual distortion of space ought to reappear in these 
movements. For instance, vertical lines ought to be over-estimated in compari- 
son with horizontal. In trying to make a pair of equal lines, one vertical and 
the other horizontal (as the eye would see them), the horizontal should be the 
longer. This I found to be the case in myself and in most other persons on 
whom I tried the experiment. But later I found that in some persons the illu- 
sion was reversed. One person who tried 373 times made the horizontal line 
too short in 64% of trials, equal in 9%, too long in 27%; the horizontal line 
averaged about 8% shorter than the vertical. Another person made the hori- 
zontal line too long if it were from left to right and if the vertical line were 
drawn toward the body, but made the vertical line the longer if the directions 
were reversed. (Out of 226 cases of the first sort, 62% gave the horizontals too 
long, 8% equal, 30% too short. But out of 99 cases of the second sort, 66% 
were too short, 14% equal, 20% toolong.) Instill another subject the illusion 
could be removed by seeing toit that both movements were made with an 
equally free, gliding motion. And finally, in my own case, I found that the 
illusion vanished and was reversed atacertain length of line. In drawing 
such pairs of lines on the blackboard I found that the horizontal line was de- 
cidedly longer, averaging in fact 42% longer than the vertical, provided the 
vertical line was less than 20 cm. in length; but that it was perceptibly (15%) 
shorter when the vertical was over 8ocm. in length; and that there was a 
gradual shading off of the positive error into the negative, the transition point 
being at 30-40 cm. when the horizontal movement was below the shoulder, and at 
40-60 cm. when above. All these facts went to show that the illusion was an affair 
of movement solely, and not dependent on association with visual space. The 
reason for the frequent exaggeration of the horizontal line seemed to be the 
usual reason for such exaggeration, as suggested by Delabarre, and already ex- 
emplified in this paper, namely that it is a freer motion than the vertical. The 
reason for the reversing of the illusion in long lines seemed, introspectively, to 
be that a short line is more easily made on the blackboard in a horizontal than 
in a vertical direction, but that a long line is more easily made in a vertical 
(descending) direction. 


If then this ‘illusion’ turns out to furnish no evidence in 
favor of the visual position hypothesis, there are other facts 
which are evidence against that hypothesis. The extent of 
movement can be judged with some approach to accuracy, even 
in case of awkward and unusual movements which can hardly 
have any association with the visual space. Such are move- 
ments of the feet, of the hand behind the back, and of the body 
in swaying or in bending the knees (see Nos. 11, 18, 19 in the 
list above). Another argument is of the same nature as that 
offered above in the case of halving a movement. Introspec- 
tively, we do not feel as if we were searching for a point, but 
as if we were estimating a magnitude. Those who visualized 
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strongly in my experiments visualized not the terminus of the 
line, but the whole process of drawing the line. It is undoubt- 
edly true that when the eyes are shut visualization enters 
very largely into the judgment of the length of a line. But the 
visualization is rather of the extent directly than of the po- 
sitions. 

It would be useless to pretend that these elements which | 
have denied to be the basis of the judgment of extent are never 
used as helps. Undoubtedly we may often judge partly by the 
time or force or position. But it appears clear that none of 
these are the fundamental thing, and that there is a judgment 
of the extent of movement directly. Another limitation: this 
does not mean that there are any sensations which by a neces- 
sary or @ préor¢ connection tell us of the extent of a movement. 
The sensations which we receive from our joints and skin and 
muscles probably tell us nothing definite or accurate until they 
have been formed into a system—drilled into a well-disciplined 
signal corps. But, when thus drilled, they inform us regard- 
ing the extent directly, and not around through some other ele- 
ment. And they are, in all strictness, sensations of motion. 

This last statement, that there are sensations of motion as 
such, may arouse dispute in the minds of some. Some will be 
disposed, on philosophical grounds, to assert that motion is never 
directly sensed, but always inferred. In a recent influential 
book, which bears the name of psychology, and which is written 
by an author who, though not claiming to be a psychologist in 
the modern sense, is an eminent scholar in allied branches, we 
find the following made as a statement of fact :* 


‘““We cannot form a mental picture of any activity of any kind whatever. 
We cannot picture even a movement in space, although we may picture the two 
places between which the motion occurs. So, too, becoming and change cannot 
be pictured in the mind, although we may picture the states of being before and 
after the transition. We may picture an object as here or there, but not as 
moving.”’ 


This statement does not of course deny directly that there 
are sensations of motion, but only that motion is an element of 
mental imagery. But it seems probable that any element that 


1W. T. Harris, Psychologic Foundations of Education, 1898, p. 24. 
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appears in sensation may also appear in mental imagery. To 
deny absolutely, except on the basis of exhaustive investigation, 
that motion exists in mental imagery, would be to deny that 
there are sensations of movement. Now the existence of sensa- 
tions of motion may be regarded as well established by the re- 
searches of Exner for the eye, and of Goldscheider for the joint 
sensibility. ‘The present paper simply adds the fact that sensa- 
tions of motion are used in controlling the extent of a movement. 
In regard to mental imagery of motion, it unquestionably exists. 
As I am myself a poor visualizer, my testimony as to the visual 
imagery of motion may not be worth much. Such visual images 
as I can call up are always fleeting. I cannot hold an image 
fixed before the mind’s eye. It constantly changes, goes and 
comes, and wavers here and there. The flitting past of scenes 
from a car window is easier to call up than the outlines of a 
building. On inquiring among the visualizers, I find that some 
find it perfectly easy to picture an object as moving—just as 
easy as to picture it at rest—and that others find it difficult, 
largely for the reason that they try to follow the moving image 
with the eye. But even suppose that no picture of the motion 
of an object were ever, by any one, experienced in visual terms 
—that would not be a sufficient demonstration that no picture of 
motion could be attained. It is arather late date to identify all 
mental imagery with the merely visual. Auditory imagery— 
such as hearing music—is distinctly a picturing of change. And 
motor imagery is a picturing of motion. No one, perhaps, will 
have difficulty in imagining himself as walking or as waving his 
hand in a circle or figure 8. That slight actual movements 
almost inevitably occur in connection with such imaginings does 
not eliminate the fact that the most of the picture is imagined. 

The attempt to ascribe our ideas of motion to a purely ‘ in- 
tellectual ’ origin falls, not only before these empirical facts, but 
also before the logical difficulty advanced by James' that ‘* we 
can only infer that which we already generically know in some 
more direct fashion.” Unless we had some direct means of 
perceiving movement no congeries of sensations of position 
would ever suggest the idea of movement to us. 

1 Elements, II., 171. 
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After the masterly way in which James has thrown into re- 
lief the streaming character of our thought, and in particular 
the feelings of motion, transition and relation, such a discussion 
as the present is perhaps unnecessary. It serves, however, to 
set aside a theoretical objection to our conclusion that the ex- 
tent of movements is gauged primarily in terms of sensations 
of extent of movement. 


Part VIII. Errects or FATIGUE AND OF PRACTICE. 


The graphic method, by permitting a repetition of the same 
act time after time at very short intervals, is well adapted for 
the study of the fatigue of any function. I have therefore 
sought to determine to what extent the power of accurate move- 
ment was impaired by a long series of accurate movements. 
Two sorts of movements were tested, both of which have been 
already described. One consisted in ruling on a kymograph 
a series of lines, each of which was intended to be equal to its 
predecessor. The other consisted in attempting to hit with a 
pencil inside each in turn of a series of squares of one-quarter 
or of one-fifth inch sides, provided by codrdinate paper. The 
experiments were tried at various speeds of movement, with 
each hand, and with eyes closed as well as open. I have tried 
only a few fatigue experiments on other persons than myself, 
but such as I have tried have given results so fully comparable 
with those obtained on myself that the general conclusions are 
well established. 7 

Typical fatigue curves are given in Figs. 11, 12, 13, taken 
respectively from Tables XXII., XXIII., XXIV. They have 
in common the following general features : 

(1) Although an enormous number of repetitions of the 
movement was made, yet the loss in accuracy was compara- 
tively slight. Five thousand, or even twelve thousand repeti- 
tions leave the average error quite near the original amount. 
Were the accuracy of voluntary control entirely used up, as the 
power of voluntary contraction soon becomes in the ergograph 
experiment, we should find the movements no more uniform 
than the ‘automatic’ movements studied above. As was there 
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suggested, the degree of uniformity of these automatic move- 
ments furnishes a sort of zero mark for the accuracy due to 
voluntary effort. This zero mark would stand at about 4 in 
Figs. 11 and 12. The zero mark in the target experiments, 
Fig. 13, would, according to the theory of chance hits, and also 
according to an experiment in care/essly hitting at the squares, 


TABLE XXII. 
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No. OF 500 | IST 100. 2D 100 3D 100. | 4TH 100. | 5TH 100. AV. Vv 
| 

I | ax B08. £108 1/08 7/08 .7/1.06 .07) .43 
2 4. #16... 71a. £1RD: iS... sie ae. oa 
3 I.I Sear “Site: SES 1411.7 .£11,54 .05| «18 
4 ES S134 FIG FILA. wh See ee 
5 I.E £104 .£/E2 .£/2.0 211.6 .2/1.88 05) .29 
6 ise. #134 2p ith the «6 ae ee 
7 12.7 8 f{1.7 8 £|28 8 .£)E J7|1.5 £(/1.86 .05| «21 
8 as° SRS 7 | 1.6 witg = .£|/1.6 3 3=.2|/1.08 .05| .24 
Q | 12 2/6 LZ 22.7 2/22 -2|1.88 .06; .46 
IO «=(/2.7) 2] E.Q oF / 1S 1.5 .f| 1.4 71.71 .05| .38 
Average for whole series, 1.56 02 | .29 





Fatigue. Lines ruled on drum, each equal to the preceding, 60 per minute. 
Subject D. 

The 5000 lines ruled are divided into hundreds, and the average error for 
each hundred is given in the table. Five consecutive hundreds are combined 
into a larger group, the average error of which is given in heavy faced type. In 
the column headed ‘ V.’ is found the mean variation of the errors for hundreds 
from the errors for their 500; and at the bottom of this column is found the 
average of these mean variations. The mean variation is introduced in order to 
furnish a measure of the variability or the uniformity of the performance at differ- 
ent stages. The italicized figures give, as before, the ‘errors of mean square’ 
of the adjacent averages. Some suspicion may arise that these errors of the 
averages are smaller than they should be, since if obtained from the mean vari- 
ation of the 500, they would often be much larger. The reason for the differ- 
ence is that the errors of the averages are computed on the assumption that the 
500 form a homogeneous series, that no decided effect of practice or fatigue 
enters during the group. This assumption is sometimes not justified, as for 
example in the first 500 of the present table. But the assumption is necessary 
if the comparison is to be made between arbitrary groups of 500. On account 
of the arbitrariness of the grouping, it is well to consult the average errors not 
only for groups of 500, but also for the single hundreds. If for instance we 
examine in detail the first 500 of this table, we see a very rapid improve- 
ment (practice effect) from the first to the second and third hundreds. If we 
drop the first hundred, we have left a series of 400 movements in which the 
average error was but .8 mm. This is much lower than that of any later group 
of 400. Thus the full effect of fatigue is better seen than if only the groups of 
500 are considered. 
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TABLE XXIII. 
































3D 100, 4TH 100, 5TH 100, AV. v. 

I | 2.6 219.4 #123  @182 #jat #2 Fi. .36 
2 Ee «(18D 661 OTR IR ee es 
3 12.4 8/87 «0B Z| 8B FIL «oe RD OS] RP 
4 ize | OARS OIE oT IES Pee eet ee 
5 2.3 #|89 £/90 £12.97 219.8 27RD 06] «26 
6 ine «£1980 #192 #4186 2188 ste 47 (oe 
7 as w108 #9. site: 2188: 2 a Os 
S ie: ies #183 w#ias silat sree 277i is 
9 a4 #102 @184 #188: 27129 #2 wt OS 
10 oS S148... ees. Tes 2.21 .08| .28 
Average for whole series, | 2.06 .07| .23 














Fatigue. Lines ruled on drum, each equal to the preceding, 60 per minute. 
Subject W. yes Closed. 


TABLE XXIV. 
































No. of ro00 | 1sT 200. | 2D 200. | 3D 200. | 4TH 200. | 5TH 200. AV. | v. 
I |16 3 | 21 3/14 a) 38 3|29 7|19.4 ra | 5.3 
2 (22 es 3|22 fe 3/19 3|%8 7.3/ 3.0 
3 19 37/19 20 3 37 21.8 13 | 3.6 
4 25 alae 3 25 4 18 318 3| 214 1.3} 3-5 
5 (23 3 | 24 37/18 3| 20 3/18 3| 20.2 1.3) 34 
6 27 3|\14 3| 22 3 | 18 3} 23 3| M4 2.3) 37 
7 18 3 | 25 3'19 3 | 20 7| 20 3|2.5 7.3) 4.0 
8 26 319 3| 27 3|31 3|27 3|25.% 7.4) 5.3 
9 im. 2. 2:2 2 - fee Ai 38 
Io | 20 3 | 26 3/40 4| 29 3/30 37\}28.9 7.4) 6.5 
II 26 3 | 21 3| 24 3 | 29 3\19 37|%.3 7.7) 3-4 
I2 125 3 | 29 37|18 Z| 30 3 | 26 3125.4 2.4] 5.7 

pera for whole series,|22.4 .5| 4.2 








Fatigue. ‘Coordinate paper experiment.’ Targets, }-inch square. 200 
hits per minute. Zhe numbers give per cents. of misses. Subject W. ‘V.’ 
gives the mean variation not of the groups of 200, but of groups of roo. 

At the end of each hundred hits there was a pause of 1% secs. At the end 
of each 2,000, there was a pause of 15-20 secs., while the paper was changed and 
the metronome wound. 

Subjective observations: Fresh and buoyantat thestart. Not conscious of 
much fatigue during the experiment, except in the elbow, the neck, the eye 
and the ear (from the continual din of the metronome). Toward the close, 
felt hot and uncomfortable. On stopping, the face was found much flushed, 
the arm was lame for afew minutes, and the feeling of general fatigue was 
very strong. 


be at about 95% of errors. Having these zero.marks we are en- 
abled to compute what may be called the Coefictent of Fatigue. 
This will be a fraction indicating what part of the maximum 
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Fic. 11.—Fatigue. Lines ruled on drum, each equal to the preceding. Sub- 
ject D. See Table XXII. The heavier line connects the points whose ordinates | 
represent the average error of successive groups of 500 (next to lastcolumn in 
Table XXII.); the light line is similarly the curve by hundreds. The dots are 
for the purpose of bringing out more clearly the location of the average errors 
for the separate hundreds, and so indicating the variability of the performance 
at different stages. 
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FIG. 12,—Fatigue. Lines ruled on drum, each equal to the preceding, 60 
perminute. Eyesshut. Taken from Table XXIII. 
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Fic. 13.—Fatigue. ‘Codrdinate paper experiment.’ 200 hits per min- 
ute. The heavy line is plotted by thousands, the light line by hundreds. From 
Table XXIV. 


ability is lost in fatigue. From Table XXII., for instance, the 
coefficient of fatigue is computed as follows: The best thou- 
sand is the first, with an average error of 1.06mm. ‘The worst 
is the ninth, where the average error is 1.88 mm. The increase 
from the minimum to the maximum error is thus 0.82 mm. But 
the whole Zosszb/e increase would be from 1.06 mm. to about 4 
mm., or 2.94 mm. Thus the actual increase in error is 28% of 
the possible. In other words, 28% of the accuracy due to volun- 
tary effort is lost. Or, the coefficient of fatigue is 28%. If we 
take best and worst hundreds, instead of thousands, we shall of 
course get a larger coefficient, in this case 63%, the highest I 
have found, except in two other peculiar experiments. But the 
averages of the separate hundreds are too much subject to 
chance, and also to wanderings of the attention, to give a trust- 
worthy determination. By the same method the coefficients of 
fatigue for the other experiments have been determined as fol- 
lows. 
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Dptelies TETITE,. cciicrereccons stvcctevcocesccessonscvcsanchsecesaccsescnes 24% 
Tables METV .....ccccoccoccssccccccreccccccsevscnsovesvesosecooesecqses 13% 
RE BET ‘ishccancnsanvcecee cnc cessnstacepincsdannesenesavevenscnsantt 6% 
ETE elke kshennssdsnksovcnbaniviennisrsdéennadebisetacssseeteie 1% 
(By hundreds, however, 48%.) 
Di TEE is Ths OD cvcvcesepavenperecenepsbncsisenenrtcunosine 8%, 
23 AD ciktinninnasconcnncmnanvisdnhananndnchaonbnns 17% 
. TA UD nesticdcncscardbanseitindndibeninngieasenea 2% 
- BE BOD. op vacvecccesepcceccocsasccsnsassconseses > 100% 
P BEM. 200...0c0.ccccccccccsccccesevescscovcccoccese >I100% 
ee a 11% 
Table BVI, BEMee BBO pcccscecccccccesccsccosccsbecsososesgens 1% 
- PEE We inthidcatbocasvhedsstnscdbaceeseseepesiet 8%, 
(By hundreds, 16%. ) 
= DAIIIE Dw rcesccccesscscncsnscespsnqersesssncsoos 4% 


In the cases where the coefficients are given in terms of 
hundreds also, there seemed to be good reason for it in that 
fatigue made its appearance within the first 500 or 1000. In 
the two cases which give a coefficient of more than 100% the 
movement was, from the start, very near the zero mark, and 
overreached that mark perhaps simply by chance. The com- 
putation of the coefficient of fatigue in such cases is really 
impossible. ‘The full records and the original tracings show 
that fatigue was, indeed, very marked in the series with MM. 
100, but almost absent in that with MM. 200. Since, in fact, 
the accuracy at MM. 200 is not appreciably better when care is 
taken than when the movements are automatic, fatigue would 
not be expected to appear. 


The coefficients of fatigue show, therefore, that the fatigue effect was slight. 
In the ergograph experiment the coefficient would amount to nearly 100%, 
within a few score of movements. Here it does not exceed 30%, even in very 
long series. It is smaller in the target movements than in the ruling move- 
ments, because in the latter the zero mark lies so much nearer to the maximum 
of accuracy—because automatism does so much more and leaves so narrow a 
margin for the effects of voluntary effort. 

(2) Though slight, however, the loss in accuracy is unmis- 
takable. And this is not simply a failure of attention, for to- 
ward the close of every series especial effort was always made 
to do as well as at the first. The experience of subject D, who 
executed the series of movements recorded in Fig. 11, is inter- 
esting in this connection. He tried especially hard during the 


last 500, and on being asked if he could do as well as at the 
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start, replied that he was sure he could. Yet the record shows 
that, though he recovered to a considerable extent from the in- 
accuracy of the preceding 500, yet he was by no means able to 
come up to the average of the first 500, nor to equal in any single 
hundred the accuracy of the best hundreds at the start. 

(3) At the beginning of the series there is usually a gradual 
improvement, continued for several hundred movements. This 
effect of ‘ warming up’ or practice is not always present, but is 
quite generally the fact. 

(4) There is a large amount of oscillation in the curve for 
separate hundreds. This is more marked at certain parts of 
the curve than at others. In general, we can say that it is 
greatest at the start and at the periods of fatigue. This fact is 
brought out better by examination of the column headed ‘ V’ in 
the tables, which gives the mean variation of the averages for 
the separate hundreds composing a group of 500 or 1000 from 
the average of that 500 or 1000. If chance alone entered, the 
‘V’ should be proportional to the ‘ Av.’ But it will be seen that 
this is by no means the case, and that on the whole there is a 
disproportionate decrease of the variability toward the middle 
of the series, and a disproportionate increase wherever the in- 
fluence of fatigue is visible in the size of the average error. 
These relations do not always hold good, but they are suffi- 
ciently in evidence to warrant a statement that practice decreases 
the variability, fatigue increases it. 


To these typical fatigue records are added Table XX V., which gives a case 
of fatigue coming on very early—within the first thousand—recovered from 
somewhat in the second thousand, but not entirely recovered from even by the 
unusual attention and effort of the last thousand. 

Table XXVI. also, added because it comes from another subject, shows 4 


degree of fatigue quite early in the series. 
Tables XX VII. and XXVIIL., finally, give in condensed form the records 


of the other experiments on fatigue. They show the same general relations, 
especially the slightness of the effect of fatigue, at various different speeds. 
Observe that the ‘automatic’ movements become neither more uniform nor 
perceptibly less uniform as the series is prolonged up to 1000, Observe also 
that the left hand shows, within a series of 2500, more effects of practice than 
of fatigue. The adjustment of the left hand seems to be no more easily fatigued 
than that of the right. The great decrease in average error from the first to the 
second entries in the last column of Table XXVIII. is due to the fact that the 
subject was urged just at this point to do his best, and responded by quite a new 
way of making the movement. The fatigue curve begins properly with the 
second entry. 









ACCURACY OF VOLUNTARY MOVEMENT. 


























TABLE XXV. 
No. OF 1000 | IST 200. 2D 200. 3D 200, | 4TH 200. | 5TH 200. AV. Vv. 
I | 6 2| 7 ste 2/19 3\17 3112.6 2.7| 4.7 
2 10 2/13 2\ 9 2|10 2|\13 2/10.8 z.0| 1.6 
3 18 3/13 2/15 3) 16 3/17 3/15.3 7.2) 15 
4 Be 2/15 3 | 13 2| 12 2| 9 2/11.8 2.7) 1.6 
Average for whole series, |1.2%7 .5| 2.4 
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Fatigue. ‘Coordinate paper experiment.’ Targets 4 inch square. 160 
hits per minute. Zhe numbers give per cent. of misses. Subject W. Shows 
speedy fatigue and partial recovery. 


TABLE XXVI. 





j Nl 
No. OF 500. | IST I00, 2D I00. 








| 3D 100. | 4TH 100. | 5TH 100, | AV. | v. 
I 1.9 ae: | 3.2 2 2.7 .2/3.8 .7| 29.82 09 | 52 
2 2.8 2/32 12/30 .2/2.7 .2| 2.5 .2|2.86 .09| .23 











Average for whole series, |2.84 .06) .38 





Fatigue. Lines ruled on drum, each one equal to the preceding, 60 per 
minute. Subject P. 


TABLE XXVII. 


> 
| AUTOM. |LEFT HAND. 



































o | MM. 30 | MM. 40 | MM. 60 | mm. 100 | Mm. 200 | mm. 60 | mm. 60 
aie 1 av. |v AV. | v. | AV. 4 Vv. | AV. | v. | AV. | Vv. | AV. ve AV. | Vv. 
I (1.04 .13 | .76) .05 ira IO |3.35| -23 14.32! .46 | 4.36| .30 2.39 | 24 
2 |1.26 | .21] .78| .10]1.18| .14 | 4.23) .61 13.80) .44 | 4.60) .36 | 2.53) .39 
3 | 1.08 | .I0 | 1.12] .10 4.32) .50 2.11 32 
4 ||1.28| .23 | 1.26) .37 4.20| .56 2.54) -23 
oe 1.32| .22 5.30! .56 1.90} .12 
SE ees eee | 
Av. ||1.17 | .17 | 1.07} .15 1.15 | -I2 |3.79| -42 |4.42| .54 4.48 | -33 | 2.30) .26 


























Several fatigue experiments recorded by five-hundreds only. Lines ruled 
on drum, each equal to the preceding. Subject W. ‘V’ gives the mean varia- 
tion of the averages of separate hundreds from the average of their 500. 


TABLE XXVIII , 





























No or _ SUBJECT S, MM. 120. SUBJECT W, MM. 120. SUBJECT W, MM. 200. 
one | | AV. | Vv. AV. v. AV. | v. 
: ff (ys) (3.4) 30.1 2.0 24.7 4.1 
2 } 1.5 1.0 30.5 1.9 30.3 1.5 
3 | 1.6 1.2 30.6 4.7 24.5 1.9 
+ 2.1 0.9 25-4 1.7 
3 | 4.7 I.7 
ae } 5.6 2.4 | 
Ay, | 3.1 1.4 m4 | 29 ae fm 











Several fatigue experiments, recorded by thousands only. ‘Codrdinate 
Paper experiment.’ ‘ V’ gives the mean variation of the averages for separate 
hundreds from the average of their thousand. 
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The results seem sufficient to warrant the following positive 
statements : 

The continued repetition of an accurate movement produces 
but a slow and slight decrease tn tts accuracy. 

This decrease, though slight, ts after a sufictently long series 
unavoidable, and ts not the result of mere fatlure of attention. 

In other words, the central apparatus for the precise adjust- 
ment of a movement is susceptible of fatigue, but only slightly 
susceptible. 

From what is so far known regarding the special fatigue of 
similar functions, it is safe to assume that these statements hold 
good for all simple central adjustments. Thus Cattell found’ 
that during 15-20 hours of almost continuous reacting, the sim- 
ple reaction time, the perception time and the association time 
were each lengthened, though but slightly. Bettman’ records a 
series of 1000 ‘ reactions with choice,’ performed in a little over 
two hours. The averages of the successive groups of 200 re- 
action times were 323, 328, 336, 355, 3490. The series of re- 
action times obtained by Patrizi® were hardly long enough to 
show the effect of fatigue. They do serve to confirm the 
statement that the effect of fatigue in these simple central ad- 
justments is slow and small. 

The only investigations known to me which contradict this 
statement are several carried on in Scripture’s laboratory. And 
the contradiction is here more apparent than real. For the 
functions studied (reaction time to flashes of light in a dark 
room,* accommodation time,’ monocular and binocular estima- 
tion of depth °) all required hard use of the muscles of the eyes, 
and led in all cases to great discomfort in the eyes themselves. 
In other words, there was great peripheral fatigue, and to that, 
undoubtedly, rather than to fatigue of the central mechanism, is 
to be attributed the impairment of function. 

One however of these experiments in Scripture’s laboratory, 

1Wundt’s Phil. Stud., 1886, III., 489-492. 

®Kraepelin’s Arbeiten, I., 156. 

8 Arch. Ital. de Biol., 1894, XXII., 189-196. 

* Studies from the Yale Psych. Lab., IV., 15-19. 


5 Jbid., III., 87-90. 
§ Jbid., III., 68-87. 
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bearing the name of Henry E. McDermott,’ is more closely in 
line with the present paper, and leads to the conclusion that the 
power of perceiving and controlling the force of a movement is 
subject to very rapid and extreme fatigue. It is, therefore, of 
some importance in the present connection to see whether this 
conclusion is correct. It will be worth our while to examine the 
paper in some detail, and it will easily be seen that the conclu- 
sion is founded on a faulty handling of the results. 


The experiment consisted in a series of attempted repetitions of the same 
pressure on the dynamometer. The force required was not the maximum, but 
moderate. Having made any pressure as a normal, the subject was required to 
close his eyes and reproduce the same pressure time after time, up to 30-60 
times. This, it will be seen, was very similar to my experiments, except that 
this is on the force of a movement, and mine on the extent. The result was 
that the force of the contraction, though varying considerably, on the whole in- 
creased little by little, so that the last contractions of the series were much 
stronger than the first. Hence, of course, the error of the later contractions, 
measured from the first contraction as their normal, was much greater than the 
error of the earlier contractions. This is interpreted to mean that the accuracy 
of the judgment of force became less and less accurate, and this is regarded as a 
fatigue phenomenon. But nothing can be clearer than that the greater error in 
the later trials is due to a forgetting of the normal. The positive errors of the 
successive experiments constantly accumulated. Except when such an error 
was detected by the subject, no attempt would be made to correct it, but the 
last preceding contraction would be taken asthe normal. This the author him- 
self seems to recognize as at least a possibility, when he says that the con- 
tractions ‘ were intended to be equal to the first one (or to the preceding ones).” 
(The difficulty of deciding what the intention actually was in these experiment; 
shows the value of the method used in the present investigation, of making 
each equal to the preceding, and so eliminating the uncertainty of protracted 
memory.) Inasmuch, then, as the normal was in each case at least probably 
the preceding contraction, the fairest test of the relative accuracy in different 
parts of the series would be to find the difference between each contraction and 
the preceding, and treat this as the error. On doing this itis found that the 
error decreases rather than increases as the experiment progresses. We have, 
within the limits of the short experiment, not a fatigue but a practice effect. 

The other sign of fatigue—variability—is also detected in the results, and 
used to fortify the conclusion. But instead of measuring the variability of suc- 
cessive parts of the same series, the method was to take 6 series of 60 each from 
thesame person, done on successive days, and find the mean variation of the 
first trials from their average, the mean variation of the second trials from their 
average, and soon up to the mean variation of the sixtieth trials from their 
average. Naturally, the mean variation increased from the first trials to the 
sixtieth. But this is purely a statistical or chance result. Blindfold six men, 
and, starting them from the same point and in the same direction, tell them to 


1 bid., I1., 72-75. 
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go straight ahead. They will, of course, diverge more and more as they 
progress. Their mean variation about their average position will continually 
increase. But this does not mean that they cannot walk as straight after 100 
steps as after 10. Even if their ability to walk straight continually improved, 
they would still continue to diverge. The same is true inthe experiments in 
question. Theoretically, the mean variation should increase as the square root 
of the number of trials—that is, if the whole errors were variable. The presence 
of a constant error would diminish this ratio of increase somewhat, but by no 
means reduce it to zero. 

Evidently, if the progressive variability is to be measured, it must be meas- 
ured in each series separately. When the mean variation of successive groups 
of ten is thus found, the result is that the variability decreases during most of 
the series. 

To prove these statements, I will add the average error and the mean varia- 
tion for successive groups of Io, in all the separate experiments that are recorded 
in full. 

The average error in dekagrams, if the normal is supposed to have been in 
each case the preceding contraction, is, for successive groups of Io, and for the 
different subjects of the experiment : 


I 2 3 4 5 6 8 
3.0 2.7 


_ * 
.RN., 
D.J.R., 
Miss F., 


3-7 
2.0 
4.1 
3.8 
4.6 


2.5 
1.3 
3-4 
2.0 
4.5 


2.3 1.6 2.1 


3-9 


2.6 
6.6 


2.5 


3.0 


2.4 2.3 2.8 1.7 


6.8 


The mean variation of the single trials in each group of 10 about their 
average is as follows : 


» Bes 
ve @ 
Miss F., 


I 
3.2 
4.2 
1.4 
4.5 
6.0 
4.3 


2 
1.8 
2.6 
1.4 
2.0 
3-5 
4.6 


3 
2.5 
1.8 


3-4 


2.8 
4.3 


4 


1.6 
1.9 


6.5 


5 6 8 


2.3 
I.2 


6.6 


These figures reveal much more of a practice effect than of fatigue. The 
average error and the variability tend to decrease, and that though the absolute 
values are on the increase. In only two subjects, N. B. and Miss F., is there 
anything that looks like fatigue, and even here it is recovered from so fully that 
it is probably either accidental or due to wandering of the attention. I am far 
trom asserting that it is perfectly correct to regard each trial as an imitation of 
the preceding. I have no doubt that errors were sometimes observed and 
allowed for. On plotting the curves for N. B. and Miss F., I find places where 
the subjects apparently became conscious that they were using too much force, 
and accordingly moderated it. This cannot very well be allowed for in 4 
mathematical treatment, and probably no treatment would be really correct. 
But there can be no douht the treatment here given is superior to that which 
disregarded the constant error and identified the forgetting of the normal with 
a fatigue of the power of perception and adjustment. 
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With this apparent exception removed we have a consensus 
of results up to date, all leading to the formulation of a general 
law, namely, that, except where attention wanders, or where 
muscular fatigue interferes, the continued exercise of a motor 
mechanism interferes slightly but only slightly, slowly but only 
slowly, with etther the speed or the accuracy of that mechanism. 

This conclusion is by no means contrary to common experi- 
ence. We are familiar with facts that goto prove it. Any 
simple action, provided it does not fatigue the muscles, can be 
repeated time after time with no appreciable loss of power. A 
blacksmith or carpenter can hit nails on the head allday. A 
piano or violin player can keep up his remarkably swift and 
precise movements for an hour or two. After writing a long 
time we are unable, indeed, to write either as rapidly or as ex- 
actly as at the start; but this is largely a muscular fatigue, if 
feelings can be trusted. The day laborers, mentioned early in 
the paper as making 4000 hits with but a single miss, were, 
when I made my observation, in the last hour of the day’s work. 
At the close of a six-day bicycle race I watched the movements 
of the riders, and tried to detect some sign of fatigue of motor 
control. But, as far as I could see, they rode as smoothly and 
steered as straight as a perfectly fresh rider. 


Practice. ‘The beneficial effects of ‘warming up’ have 
already been exemplified in the fatigue curves. It has also 
been noted that practice decreases the variability of a perform- 
ance. I add here another bit of evidence, taken from a some- 
what different sort of movement. See Table XXIX. 

If decrease in variability is a mark of practice, it follows 
that a low variability is a sign that the effect of practice has 
already been accomplished, and consequently that not much 
further improvement is to be expected. Of two persons, for in- 
stance, who can do a given act—such as a compound reaction 
—in the same average time, that one has the better chance to 
improve whose separate trials differ more among themselves. 
It is not certain that he will improve the more, because he may 
not try so hard. But he has the better chance. I do not know 
that this fact is established in just this form, but it is a fact that 
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as a person approaches his maximum speed or accuracy, his in- 
dividual trials agree more and more closely with each other. 
All practice curves show this. If a person should reach a point 
at which his trials were quite unvarying, the meaning would be 
that he had reached an absolute limit to improvement in that 
line. The only possibility of further improvement would be to 
hit upon some zew way of doing the act in question. 


TABLE XXIX. 





AV. FOR 


IST 50. 2D 50. 3D 50. 4TH 50. 5TH 50. 6TH 50. 400. 











Av. Err. | 19.5 2.0/18.0 2.8/16.5 42.7/17.8 7.8/16.5 £.7115.5 7.6/17.5 .7 
Var. Err.| 8.7 .9| 65 .7| 7.0 .7| 7.9 &| 68 .7/ 4.8 .5) 6.3 .3 
































Effects of practice on the average error and on the variability. The experi- 
ment consisted in closing the eyes, making with a pencil point a dot on asheet 
of paper on the table before you, carrying the hand to the side, and immedi- 
ately bringing it back and making another dot as near as possible to the first. 
The eyes were then opened, and the two dots connected with a line to show that 
they belonged together ; eyes closed again, and experiment repeated. Thus the 
errors were known, and there was chance for correction. Three hundred such 
movements were made at one sitting, and the average and variable errors com- 
puted for each successive group of fifty. The result is that while the average 
error decreases, the variable error decreases proportionately much more. 


There 1s a theoretical basis for this assertion in the concep- 
tion of variability. The variability of a species or of a per- 
formance is conceived as the result of the varying combination 
of a lot of small causes, some of which act in one direction and 
some in the other—some acting, let us say, to increase, and 
others to decrease, the accuracy of a movement. Improvement 
consists in a selection of those causes which make for accuracy, 
and an exclusion, as far as may be, of those which make for 
inaccuracy. The more one of these sets of causes is excluded, 
the more uniform will be the result. And, conversely, the 
more uniform the result, the less sign of the presence of causes 
making for further accuracy, but not yet grasped and con- 
trolled; and the less sign that there are causes making for 
inaccuracy which are only partially repressed, and may be still 
further prevented from interfering. In more ordinary language, 
we may say that variability means that the act is done in differ- 
ent ways. Improvement consists in the selection of the better 
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ways and the exclusion of the worse. A high variability means 
that there are widely different ways in which the act is done, so 
that the field for selection is wide. A low variability means 
that the act is always done in nearly the same way, so that im- 
provement will be only slight, unless we get out of the ruts, and 
not merely select, but invent some new way. 

As we have seen, a high variability is a sign not only of lack 
of practice, but also of fatigue. By weakening the selective 
influence, fatigue brings again into play the causes that make 
for inaccuracy, and so restores the performance to its original 
variability. It may even increase the variability beyond its 
original degree, since fatigue itself seems to be more or less in- 










































































TABLE XXX. 
MM. 20 | 50 | 80 | 120 | 160 | 200 | 240 | 280 | 320 | 360 | 400 | 480 
Ist 50. 2/114] 14 24 16 | 22 | 22 | 32 | 30 | 38 | 52 | 30 
2d 50. 4 8 6 6 8 | 14 2 | 24 | 16 | 22 | 26 40 
3d 50. 8 4 8 | Io 6 4 6 | 14] 14] 12] 24 32 
4th 50. | Io re) 6 4 | Io 8 | 12 | 18 6 | 32 | Io 32 
5th 50. 6 2 8 4 | 20 | Io 4 | 20 | 24 | 16 | 32 32 
6th 50. 6 | Io 8 4;m i] 6m; wm; 22 i 6, Bi me 
7th 50. | 16 4 2 fe) 4 } 12 re) 8 | 16 | 12] 2 34 
8th 50, 2 6 2 4 Oo} 12 | 10 | 18 | 16 | 24 | 36 32 
gth 50. Oo | 12 oO}; 1%] i | | C361 9 33 | 637 | 48 60 
10th 50. oO re) oO 4 2 22 ei 2s ae 43 
Av. 5 6 5 7 9 | II | 10 | 20 | 20 | 22 | 30 37 
TABLE XXXI. 
MM. | 20 | 40 | 60 | 80 | 100/} 120! 140! 160 180 | 200 240 | 280 | 320 | 360 | 400 
Ist 50.;} 20 | 10 |} I2/ 10 | 24| 8 | 16| 18 | 20| 16 | 24 | 48 | 42 | 36) 54 
2d “| 6| 4] o| of 4] 8] 12] 6] 12 | 16] 22] 40! 20] 40} 48 
3d “| of 6! 8 8j 16| 14] 18] 8 | 26 | 34] 30| 32 | 34! 44 | 60 
4th “| 4] 2] of] 4| 2| 6] 20} 20] 14| 20] 18] 42 | 56 | 64} 68 
5th “| 6] 2] 2] 2/10] o| 6] 22| 26| 22] 16| 44 | 32 | 50| 60 
6th “| to} 6] 2] 0/ 144] 6] 6| 18] 10} 18 | 38] 34! 50| 56| 64 
7th “| 2/ of 2| 6] 6| 14] 22] 14] 20] 22 | 36 | 38 | 54 | 60] 54 
8th ‘| o}| of 2] 2] 2] 4] 6] 10| 10] 14] 20} 46 | 32 | 46| 58 
goth “| o} of of} oO] 4] 12} 14] 4] 12 | 22 | 36| 46| 50 | 46| 58 
loth “| 2] o| 4] 4} 8| 14) 14| 23 | 25 | 29 | 4o| 44 | 56 | 60 | 67 
ith “| of} of of of 8}| 4/12] 14] 10] 6] ar | 42| 38] 54] 56 
Av. 2/ 2} 2] 3] 6] 9] 14| 16|17]| 21 | 29/ 41 | 44} 53 | 61 


















































Practice. ‘Codrdinate paperexperiments.’ Targets, ( inchsquare. Table 
XXX., right hand; Table XXXI., left hand. Nos. give per cent. of misses. 
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termittent, and the selective influence would thus itself be sub- 
ject to variation, and introduce variability on its own account. 
A high variability may, therefore, be a symptom either of pos- 
sible improvement, or of approaching dissolution. Between the 
two, only the ‘ history of the case’ can decide. 

Besides the evidences of practice in the fatigue curves there 
are given in Tables XXX., XXXI. and XXXII. the results of 
practice continued for several days or weeks. The first two of 
these give in temporal order the results already summarized in 
Table XIV. The movement studied was that of aiming in 
succession at each of the squares in codrdinate paper. The 
squares here were of quarter-inch sides. As the experiment 
was not designed to test practice, but the relation of accuracy to 
speed, no care was taken to do the work in equal portions or at 
equal intervals. The first eight fifties of the right hand were 
done within a week; the first nine of the left hand within three 
weeks, beginning about a month after the series of the right 
hand. The last two fifties of both hands were done on a single 
day, two weeks after the close of the first left-hand series and 
ten weeks after the close of the first right-hand series. 

The results of the Tables may be summarized as follows: 

(1) The improvement is not steady, but irregular. 

(2) Where improvement appears, it generally appears very 
early and is rapid. 

(3) After the interval, the accuracy is at first low, some- 
times even lower than at the beginning of the first series. But 
here improvement is very rapid. 

(4) Improvement does not appear equally at all rates of speed. 
The lack of improvement at the slowest rate of the right hand is 
a matter of no significance, being due simply to an uncertainty 
as to how the movement should be made when there was a 
superfluity of time. More significant is the difference that ap- 
pears in either hand between the moderate and the extreme rates. 
The moderate rates show a sure and permanent improvement; 
the very rapid rates show practically no improvement, but on 
the whole a deterioration. This is seen most quickly by com- 
paring the records for the first fifties with the general averages 
at the bottom of the table. Which rates shall be called moderate 
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and which extreme, is a question to be answered separately for 
each hand. The right hand has a fair degree of control up to 
400 movements per minute, and improvement is in evidence up 
so far. But at 480, which is about the limit for mere rapidity 
of movement, to say nothing of precise control, no improvement 
whatever appears as the result of practice. The left hand shows 
very marked improvement at the slowest rates, but none that is 
permanent or sure above 100. Here we have another fact in 
bilateral asymmetry of function. We have also a result which en- 
ables us to make somewhat more precise the common knowledge 
that practice does much more good in some sorts of work than 
in others. 

We might expect, @ przorz, that equal amounts of practice 
would produce proportional amounts of improvement in acts 
similar in general, but differing in some one element, as here in 
speed. If one act were twice as accurate as another before 
practice, we might expect it to be about twice as accurate after 
practice also. But we find that, in our table for the left 
hand, the error at 20, at first more than ¥% of that at 400, de- 
creases to %, gs, and finally to less than 7. The slow act 
improves quickly ; the similar rapid act improves not at all. 

Since the difficulty introduced by high speed is a difficulty 
in control, the suggestion readily occurs to generalize the state- 
ment just made as follows: When an act lies within easy range 
of control, ttimproves rapidly with practice. ‘The awkwardness 
of unfamiliarity readily disappears. But when, for any reason, 
such as excessive speed, the act lies near the limits of control, tt 
can be done as well at first as after a moderate degree of prac- 
tece. Undoubtedly it is susceptible of improvement, but the 
practice necessary is much more extensive. 

An example of this distinction, where speed is not the dif- 
ferentia, is found in the relative effects of practice in singing 
different notes. A note that lies within easy range improves 
with comparatively short practice; but a very high note, or a 
note at the transition between different ‘ registers,’ makes no 
corresponding improvement. The high notes can be sung al- 
most as well at first as after a moderate amount of practice ; 
the notes that lie within easy range may improve very quickly. 
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This difference between the effects of practice at high and 
at low rates is confirmed by Table XXXII. which records a 
series of experiments by a different method and on a different 
person. The movement tested was the ‘ three-target’ move- 
ment already described, and was executed with the left hand. 
As this experiment was designed specifically to test the effects 
of practice, it was arranged as methodically as was feasible. 
Three experiments were tried each week day, and at each ex- 
periment three sets of movements were made, one at a slow, 
one at an intermediate and one at a rapid rate. The results as 
related to speed are that practice effects a rapid and permanent 
improvement at the slow rate, but very little, if any, at the 
higher rates. 


TABLE XXXII. 

















DATE. | MM. 40. MM. 120. MM. 200. 
i 
Mar. IT. | 3-5 Av. for 5 4.2 Av. for § 8.3 Av. for 
| 5 
13. | 3.3 days. 3-5 days. 7:5 days. 
I4. 2.5 3-5 r 
15. | 2.4 3-3 6.6 
16. | 1.0 2.54 3.1 3.52 7.30 
17. | 0.7 3.0 7.0 
18, | 0.5 3.5 7.0 
| 
20. | 0.4 3-1 7.5 
21. 0.3 3-7 7.2 
22. 0.5 0.48 3.5 3.36 7.2 7.18 
23. 0.6 4.0 7-9 
24. | 0.3 3-7 7.2 
25. 0.3 3-3 7.0 
27. 0.6 3.6 7.0 
28. 0.5 0.46 3.5 3.62 6.5 7.12 
= 0.3 = _ 
. 0.3 3. 3 
31. | 0.6 3-7 6. 
Apr. 4. | 0.4 4.2 7-7 
.. | 0.5 0.42 3.5 2 3@ 7.0 7.06 
? | 0.3 rt 7-t 
- | 0.3 .O I 
8. 0.3 4.0 8.1 
10. 0.3 3.9 2 7.2 
II. 0.3 0.303 4.1 = 3-98 8.7 7.84 
ny 0.4 3-5 es 
3. 0.3 3. 9 
14. 0.5 3.8 6.9 
15. 0.5 4.0 8.1 
17. 0.5 0.42 4.1 3.84 6.7 7.16 
26. 0.4 3-6 6.3 
° 27. 0.8 4.3 7-7 
Av. | 0.60 3.67 7.28 























Effects of practice. Subject P. ‘Three-target experiment,’ with left hand. 
The errors recorded are errors of mean square, determined as for Table XII. 
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Two other facts appear in this experiment, though not re- 
corded in the table. In order to find out whether the accuracy 
of movement was affected by the time of day, three experiments 
were tried each day, one at 9 A. M., the beginning of the day’s 
work, the second at 2 P. M., immediately after lunch, and the 
third at 5.30 P. M., at the close of a day’s clerical work. The 
result was that the accuracy was not perceptibly affected by the 
time of day. The errors averaged as follows: 


40 120 200 
Morning. 0.5 | 3-7 7.3 
Noon. 0.4 3.7 7.1 
Night. 0.4 3-7 7-3 


This result harmonizes well with those of a few other ex- 
periments which are not yet, however, extensive enough to 
warrant positive statements. As far as they go, they indicate 
that neither slight doses of alcohol nor great general fatigue 
produce any decided effect on the accuracy. The control of 
these simple movements is apparently so well ingrained in the 
nervous system that moderate changes in the general condition 
of the system do not affect the power of control. On the other 
hand, there do appear considerable variations in the accuracy at 
different times, variations which are not accounted for in terms 
of practice, or fatigue, or time of day, or mere variations in 
the effort of attention. Some of these unaccountable varia- 
tions appear in Table XXXII. Many others might be added. 
The causes of these variations, at present unknown, are evi- 
dently more important than the familiar causes, fatigue, prac- 
tice, time of day and slight doses of drugs. 

One more fact came out of the practice experiment. Prac- 
tice of the left hand helped the right also. Before the series 
with the left hand began, and again after it was completed, a 
single experiment was made with the right hand. The errors 
were as follows: 


40 120 200 
Before. 3-1 3-9 7.1 
After. 0.7 3.8 6.6 


The right hand did somewhat better than the left before 
and about the same afterward. The right hand shows a de- 
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cided improvement at the rate for which the left had improved, 
but no appreciable improvement at the rates for which the left 
had not improved. These results show (1) that the transference 
of the efforts of practice from one side of the body to the other 
—a transference which has been established in other investiga- 
tions as taking place from the right side to the left—also takes 
place from the left side to the right; and (2) that it is not the 
mere practice that has this transferred effect, but only successful 
practice. Undoubtedly the right hand, if itself practised at the 
rate of 120, would make a decided gain. It does not gain 
from the practice of the left hand, because the left hand itself 
does not gain. Where the left hand does gain the right shares 
the benefits in almost equal measure. 


ParT IX. Tue Best MOoOvEMENT FOR WRITING. 


In the experiments recorded on page 85 it was found that 
a side-to-side swing of the wrist and forearm was likely to be 
made longer than it should be in comparison with a movement 
of the fingers or of the full arm perpendicular to that. The 


reason seemed to be that the side-to-side movement was freer 
and easier. In following up this suggestion, it was found that 
that movement was also more rapid, more steady and accurate 
in direction, but somewhat less accurate in extent. Since these 
facts led to the query whether this movement could not be prof- 
itably used in writing, a more complete study was made of the 
ease, speed and accuracy in extent and direction of this move- 
ment, and of two that are commonly used in writing. One of 
these is the finger-and-thumb movement, as usually taught to 
children; and the other a movement of the full arm from the 
shoulder, which is also sometimes taught under the name of 
‘forearm motion.’ 

The experiment consisted in making series of movements, 
back and forth like a string of small w’s or m’s, such as may be 
seen in Fig. 14. For the finger and full arm movements the 
paper is held as in ordinary writing. For the wrist movements 
it is best to let the top of the paper slant over to the right (in 
case of right-handed persons), so that the direction of the series 
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as a whole shall be nearly toward the body, or, more exactly 
in line with the forearm. In this last movement a backward 
motion of the whole arm carries the hand along the line, while 


fingers . 


MWA _ anor 


i forearm 
; goa ) vb 
Pylumabur Trout foret-rm 





Fic. 14. Different movements in writing. ‘R.H.’ =right hand, ‘L.H’ = 
lefthand, Reduced to ,/, original size. 


the side-to-side motion of the wrist and forearm makes the 
separate strokes. ‘The results obtained are as follows: 

1. As regards ease, the full arm movement, if hastened, is by 
all means the hardest. It requires the expenditure of the most 
energy and shakes the whole body. As between the other 
two, different persons give different judgments. Some prefer the 
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side-to-side movement, others the more practised finger move- 
ment. There islittle doubt that, aside from practice, the side- 
to-side movement is easier. It is instinctively chosen for such 
movements as erasing. It is made with a much simpler codr- 
dination than the finger-thumb movement. The latter, as has 
been shown by the researches of Duchenne’ and of Obici,’ is a 
complicated affair. It requires, for instance, the simultaneous 
extension of the first joint of the forefinger and flexion of the 
second and third joints, and véce versa. The full-arm movement 
has no firm fulcrum, and so shakes the trunk. The forearm 
movement is the simplest, and resting the elbow provides a firm 
fulcrum. One can see approximately how the three will appeal 
to an unpractised hand, by trying them with the left hand. 
Besides being the simplest in codrdination, the forearm move- 
ment has over the finger movement the advantage of being made 
with comparatively large muscles. The ordinary writing move- 
ment is made largely with the little muscles in the hand itself* 
(interosseal and lumbrical). ‘The continued use of the small 
muscles is more liable to lead to cramp than the continued use 
of the large muscles. It is found that writers who use the full 
arm motion are much less subject to writer’s cramp than those 
who use the ordinary motion.‘ The muscles concerned in the 
‘ side-to-side’ motion, though not so large as those that make 
the full arm motion, are large enough. On the whole, there- 
fore, the forearm motion would doubtless be, after practice, the 
easiest of the three. 

2. As regards speed, the forearm is demonstrably the best. 
Make three series of movements like those in Fig. 14, at the 
fastest possible rate, and time the series. It will probably be 
found that more back-and-forth movements can be made ina 
given time by a forearm motion than by either of the others, 
and that the separate movements of the forearm are also more 
extensive. Such, at least, has been my observation. Out of 
21 persons whom I have tested in this way, there were but four 


G. B. Duchenne, Physiologie des mouvements, 1869, pp. 173-175. 

®Recerche sulla Fisiologia della Scrittura ; Rivista di Freniatria, XXXII. 
Pp. 625-643, 870-893. 

3See Duchenne, loc. cit. 

* See Dana, Text-book of Nervous Diseases, 4th ed., 539-548. 
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exceptions, none of which was at all marked. The average 
number of movements per second (double movements, includ- 
ing both back and forth) was: 


Finger movement, 5.3, with a mean variation of 0.8. 
Full arm sic sh * “ m 0.7. 
Forearm = Ga ™ ' - .2. 


As between the finger movement and the full arm movement 
there is no advantage in point of speed. But the forearm 
movement averages 23% faster than the finger movement.’ 

The left hand gives the same general result. I have tested 
only four persons, three of whom showed the greatest speed in 
the forearm movement. The averages were: fingers, 4.0 
movements per second; full arm, 4.5; forearm, 5.2. The 
forearm, therefore, averaged 16% better than the full arm, and 
30% better than the fingers. As a matter of fact, the so-called 
‘finger movements’ of the left hand are not true writing 
movements. The left hand cannot make those movements 
without practice. In trying to make movements of the fin- 
gers one finds himself using his wrist, flexing and extending 
it and holding the fingers stiff. 

It may, perhaps, occur to the reader as an objection that the 
extremely rapid side-to-side movement of the forearm is a mere 
muscle trembling, a sort of clonic contraction, and, therefore, . 
of no use for writing. Inasmuch, however, as the most rapid 
movements give the same sort of tracings as the more moderate 
movements of the forearm, inasmuch as the highest rate may 
be approached without break from the moderate rates, and in- 
asmuch as a certain degree of control can, even without prac- 
tice, be exercised over the very fastest side-to-side movements, 
the conclusion must be that these are not muscle trembling, but 
bona fide voluntary contractions, subject to improvement and 
voluntary control the same as any other rapid movements. It 
must be admitted, indeed, that the most rapid forearm move- 
ments produce fatigue rather quickly. But very much can here 
be expected of practice. And, besides, this maximum rate is 

1This result agrees well with that of Bryan, who found that the fastest series 


of taps on a telegraph key could be made with wrist or elbow, never with 
shoulder or finger. Amer. Jour. of Psy., V., 123-204. 
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not much faster than a really comfortable rate which can be 
kept up for a long time. If one sets out to make movements of 
the three kinds, not at a maximum speed, but simply at a com- 
fortably fast rate, one generally makes the forearm movement 
not slower, and very likely even faster than the much more 
familiar finger movement. 

There is then no room for doubt that if the forearm move- 
ment should be found feasible in other respects, it would be of 
decided advantage in the matter of speed. 

3. As regards accuracy there are several points to be con- 
sidered. In uniformity of direction or slant the forearm move- 
ment is easily the best of the lot. This may be seen in Fig. 
14, or better still in a tracing of the reader’s own. There is a 
smoothness and grace of movement about the work of the fore- 
arm that is entirely lacking in the others. The spacing is also 
fully as uniform as by the other methods. The alignment is, 
however, inferior to that of the finger movements; the fore- 
arm movements do not stick to a straight line very well. And 
there is more variability in the /engths of the single strokes. 
These two points of inferiority are probably due simply to lack 
of practice. We can easily remember the difficulty we had as 
children in both the alignment and the heights of our letters. 
In order, however, to see how considerable this inferiority was, 
an experiment was devised in imitation of the simpler parts of 
learning to write. A series of movements like those of Fig. 14 
was made, except that they were required to confine themselves 
between two parallel lines a centimeter apart (lines of ruled 
note paper), and to extend just up to the lines. The experiment 
was tried at different speeds and the errors in extent measured— 
that is, the distances by which the separate strokes overran or 
fell short of the boundary lines. The average errors are given 
in the Table. 

It will here be noticed that while the forearm movements show 
on the whole the greatest errors, yet there are frequent exceptions. 
The forearm movement averages the least accurate in only two 
of the four subjects. In one the full arm movement gives the 
least accuracy, and in one the finger movement. In the general 
average of the four subjects the full arm gives the least error, 
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Taste XXXITI. 





























50 Ico | 150 | 200 | 250 | 300 | 350 | 400 
™ FingerS,.......+..00+ 0.24 | 0.39 | 0.71 | 0.84 | 0.79 | 0.93 | I.09 | I.22 
30 Te Peal QF 90.00 cccesccee 0.21 | 0.46 | 0.70 | 0.79 | 0.93 | 0.53 | 1.44 | 0.71 
N Forearm, .....++++++- 0.19 | 0.38 | 0.86 | 0.97 | I.I0 | 1.35 | 1.06 1.07 
oy ¢ ee 0.14 | 0.25 | 0.69 | 1.54 | 1.81 | 2.45 | 219] 2.41 
sr | ul GTR. cnesencnsie 0.21 | 0.61 | 0.74 | 1.02 | 1.63 | 1.95 | 1.90 | 1.74 
Yn POPGEIMD, oicccscceiss 0.22 | 0.48 | 1.02 I.91 | I.II | 1.74] 1.63 | 2.17 
ai Fingers,.......00+++ 0.64 | 1.04 | 1.14] 1.52 | 0.83 1.05 | 0.94 
a é| Pill QFE, ..ccccccsees 0.43 | 0.75 | 0.97 | 1-79 | 0O.7I 0.96 | 1.49 
nN Forearm, .........006 0.32 | 0.71 | 1.03 | 1.77 | 1.68 1.25 | 1.42 
p Fingers, .......ses0++- 0.20 | 0.39 | 0.40 | 0.42 | 0.55 | 0.52 
= = Full arm,........+.+. 0.41 | 0.35 | 0.42 | 0.45 | 0.51 | 0.70 
n Forearm, .......0000. 0.24 | 0.48 | 0.48 | 0.44 | 0.40 | 0.61 








Accuracy in extent of three different writing movements. The ‘normal’ 
wasicm., The average errors are given in mm. Error of each average 
thereof, except in case of subject W., where it is ,;. 


the fingers next, the forearm most, in the ratio of 100, 106 and 
118 respectively. The forearm gives 18% greater error than 
the full arm, and 11% greater than the fingers. When we take 
account of the much greater practice of the fingers in this sort 
of movement, this result points to the probability that, given 
equal amounts of practice, either forearm or full arm would sur- 
pass the fingers in accuracy. As between the forearm and the 
full arm, these averages would show that the full arm gives 
somewhat greater accuracy in extent. This view is confirmed, 
in case of movements of 15-20 centimeters, by similar experi- 
ments on the blackboard, and by the analysis of the error in 
hitting at a target (‘three-target method’) into an error of dis- 
tance or extent and an error of direction. This is done in 
Table XXXIV. 

The result is that the error in distance is less at target No. 1, 
the movement to which is a full arm movement (a pushing for- 
ward of the arm), than at targets Nos. 2 and 3, the movement 
to which is largely made by the forearm. The error of direction, 
on the other hand, is greatest at No. 1, being here decidedly in 
excess of the error of distance, whereas at the other targets it 
is smaller than the error of distance. The full arm movements 
are therefore more accurate in extent, the forearm movements 
in direction. But as far as concerns writing, there can be no 























= yo 
ne. Ps s 






pal mt Ha Se -§ 

ees 
— 

ve 





= ~ -- 
= _——— — 
— 


aA +3 - 
~—<. 2 © -= 





Os eh hE gece * 
=— » > P= 
° ee 
= Se Eas : pee 


ed 






i< 2a 3 








112 R. S. WOODWORTH. 


doubt that either movement would with practice attain suficient 
accuracy for all ordinary purposes. 


TABLE XXXIV. 


—-~__ 


120 160 | 200 SUM. 
2.3 1.7 2.9 , ’ 14.1 
2.1 2.2 5-3 : . 21.0 


1.5 3-2 3.8 ' . 19.6 
1.2 2.4 2.4 : , 15.9 


2.2 2.9 4.0 : 21.7 
1.7 2.7 2.4 . ' 15.7 






































‘Three-target experiment.’ Subject W. The error due to faulty direction 
of the hit is separated from that due to faulty extent. This was accomplished 
by measuring the distance of each hit, not from the target itself, but from two 
axes passing through the target, one in the normal direction of the movement 
toward that target, the other perpendicular to the first. Any hit which fell on 
the first axis was perfect in direction, any which fell on the second was perfect 
in extent. The distance of each hit from the first axis gave its error in direc- 
tion, while its distance from the second axis gave its error in extent. The 
errors recorded in the table are the averages obtained from fifty hits at each of 
the three targets. The ‘error’ of each average is one-tenth of that average. 


Careful comparison of the three movements available for 
writing leads then to the discovery of certain points of superiority 
on the side of the forearm movement. It is easier, made with 
good-sized muscles, capable of greater rapidity, more uniform 
in direction, and only slightly inferior in accuracy of extent and 
of alignment. Some of these points of superiority it shares with 
the full arm movement, which seems even to be somewhat more 
accurate in extent. But the great inferiority of the full arm 
movement in point of ease and rapidity puts it out of compart: 
son with the forearm movement. 

It is freely admitted that purely analytical results of this sort 
are not sufficient to establish the practical superiority of any way 
of doing a thing. The suggestions gained in the laboratory 
need to be tested in actual practice before being adopted. I 
have not had the opportunity of teaching children by the sug- 
gested method, and observing their success. That lies beyond 
the scope of my work. I have, however, tried the suggested 
mode of writing on myself, not spending time in special practice, 
but simply using the new method in part of my ordinary writing. 
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The first difficulty to make its appearance when one who has 
been brought up to write with the fingers starts to write with the 
forearm movement is that the paper needs to slant over to- 
ward the right rather than to the left, and the unusual appear- 
ance of the line to the eye leads to extreme backhandedness. 
This may be avoided by crooking the arm in closer to the front 
of the body, and allowing the paper to slant only a trifle, if at 
all, to the right. This is not the best position for the forearm 
movement, but it does very well and makes the writing ook 
right as it is being written. Undoubtedly one who had never 
learned to write would experience no difficulty in learning with 
the slant which to us is unfamiliar. A second difficulty in 
writing with the forearm movement is that the hand is carried 
along by a new movement, which at first is awkward. This 
awkwardness, however, soon passes away. 

The first advantage that appears in the new movement is 
that there is no longer that strong tendency in rapid writing to 
flatten out the letters until the vertical strokes are mere rudi- 
ments of what the copy books teach. This tendency is almost 
unavoidable in both finger and full arm writing; but it disap- 
pears in forearm writing on account of the great ease and free- 
dom of the movement that produces the vertical strokes— 
that same ease and freedom which make it difficult at first to 
make the letters of equal height and to keep the alignment. 
Another advantage which appears in the new method as soon 
as the first awkwardness has worn off is that rapid writing is 
easier and less tiring. On the whole, I have found the posses- 
sion of the new way of writing of advantage tome. Achange 
from one method to the other affords sometimes a very welcome 
rest. : 

Besides using the new movement in my right-handed pen- 
manship, I have also practised both it and the finger movement 
with the left hand. As the left hand had never been used for 
such purposes, it was somewhat in the condition of the 
child’s right hand when the child is first learning to write. The 
adult’s left hand soon reaps the benefit indeed of the long prac- 
tice with the right. But at the beginning the left hand is very 
awkward, and probably gives us an insight into the difficulties 
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that confront the child ‘in first learning a new movement. On 
trying with the left hand the different modes of writing, it be 
came at once clear that the finger movement was a hard one to 
get. At first it is quite impossible to get the proper codrdina- 
tion. The forearm movement, though awkward, is ready from 
the start. The principal difficulty with it is that the hand is 
carried along the line by pushing it in the direction of the fore- 
arm, instead of pulling it as in the right hand; and this pushing 
of the forearm as it rests on the table is at first very jerky. The 
finger and the forearm movements were practised exactly equal 
amounts. Improvement was fairly rapid in both cases. The 
finger movement came to be the better in uniformity of height 
and in alignment, but it remained subject to little jerks and an- 
gularities due to imperfect codrdination. The forearm move- 
ment was somewhat hard to restrain, but it was always freer 
and more rapid. The degree of practice finally attained was 
not at all high. Specimens of both methods in their present 
state are given in Fig. 14, which contains also specimens of 
rapidly written work with the right hand by each method. 

The apparent outcome of these practical experiments is that 
the forearm movement is entirely practicable. And if it be 
practicable, we may justly infer from our more analytical ex- 
periments that it will be in certain important respects an im- 
provement on the modes of writing now in vogue. It will be 
freer, easier, and less liable to cramp than the finger movement; 
it will be more rapid; it will not tend to the extreme flattening out 
of the letters, such as results from rapid writing by either of the 
other methods; it will be more regular in the direction of the 
strokes. Whether it will surpass the present methods in the ac- 
curacy of height or of alignment is a matter of doubt. It will 
undoubtedly be perfectly adequate in this respect. And there 
seems little room for doubt that it will be more readily learned. 





